Molecular/Organic Ferromagnets
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Some molecular/organic solids comprised of linear chains
of alternating metallocenium donors (D) and cyanocar-
bon acceptors (A) with spin state §=1/2
(D-*A-"D-"A-7) exhibit cooperative magnetic phe-
nomena, that is, ferro-, antiferro-, ferri-, and metamag-
netism. For [Fe™(CsMe;),]-*[TCNE]™- (Me = methyl;
TCNE = tetracyanoethylene), bulk ferromagnetic behav-
ior is observed below the Curie temperature of 4.8 K. A
model of configuration mixing of the lowest charge-
transfer excited state with the ground state was developed
to understand the magnetic coupling as a function of
electron configuration and direction of charge transfer.
This model predicts that ferromagnetic coupling requires
stable radicals with a non—half-filled degenerate valence
orbital and a charge-transfer excited state with the same
spin multiplicity that mixes with the ground state. Ferro-
magnetic coupling must dominate in all directions to
achieve a bulk ferromagnet. Thus, the primary, secondary,
and tertiary structures are crucial considerations for the
design of molecular/organic ferromagnets.

AGNETS HAVE FASCINATED MAN SINCE THE OBSERVA-
Mtion that iron is attracted to lodestone. Early in history

the Chinese took advantage of this observation and
invented the compass. Today highly magnetic ferro- (for example,
Fe and CrO;) and ferrimagnetic (for example, Fe;0,4) materials are
used in technological applications ranging from household magnets
to complex digital recording media. A goal of contemporary
materials research is to improve their properties (I). These highly
magnetic materials share the common structural features of (i) being
atomic-based, (ii) having 4 or f orbital metal-based spin sites, and
(iii) having one-dimensional (1-D), 2-D, or 3-D network bonding.
Molecular/organic—based compounds (2, 3) with p or even 4 orbitals
contributing to the cooperative magnetic properties have captivated
the imagination of scientists for the past quarter of a century (4), but
until recently such magnets were unknown. Their discovery parallels
the advent of molecularly based superconductors and the explora-
tion of cooperative phenomena in molecular/organic materials (5).
This broad range of phenomena in the molecular/organic solid state
combined with the anticipated modification of the physical proper-
ties through conventional synthetic organic chemistry as well as the
ease of fabrication enjoyed by organic materials may lead to their use
in future generations of electronic or photonic devices.
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In this review we first summarize the common idealized magnetic
behaviors and the models postulated for stabilizing ferromagnetic
coupling in molecular/organic compounds and describe the struc-
ture and magnetic properties of the unusual class of charge-transfer
molecular solids that exhibits bulk ferromagnetic behavior. We then
discuss models for the stabilization of ferromagnetic coupling and
bulk ferromagnetic behavior for this class of charge-transfer com-
pounds that are used to propose new organic and polymeric
materials that test these theories.

Idealized Magnetic Behavior in
Molecular/Organic Solids

Above a spin-ordering temperature, all substances exhibit a
magnetic moment M upon application of a magnetic field H with
the susceptibility x being the proportionality constant (M = xH).
Paramagnetic (open-shell) compounds have their induced moment
aligned parallel to the field. For noninteracting localized spins, x
may be modeled by the Curie expression (x « 7~'). Diamagnetic
(closed-shell) compounds have their induced moment aligned anti-
parallel to the field and have a negative temperature-independent
susceptibility.

In the presence of cooperative magnetic behavior (ferro- or
antiferromagnetism), the spins are subject to an effective parallel (or
antiparallel) exchange field due to the neighboring spins, which
either increases or decreases the measured x from the Curie expres-
sion. At higher temperatures x may be modeled by the Curie-Weiss
expression, x « (T — 8)~". For ferro- and antiferromagnetic inter-
actions, 0 is respectively greater or less than zero (Fig. 1A).
Chemists frequently report the effective moment, peg [=(8xT)"4,
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in units of Bohr magnetons (ug) (Fig. 1B), which has characteristic
temperature dependencies for independent, ferro-, and antiferro-
magnetic interactions.

Ordering of the spins may occur at low temperatures. If spins
align parallel (ferromagnetic) to each other, then a macroscopic
spontaneous magnetization at zero applied field is present, as well as
a characteristic saturation moment, M (for example, 1.2 X 104
emuG/g-atom for iron) (6). No spontaneous macroscopic moment
occurs when the spins are antiparallel (antiferromagnetic) (7).
Ferrimagnetism occurs when antiferromagnetically aligned spins
have different local moments and the incomplete cancellation of the
spins results in a reduced but finite spontaneous moment. For
ordered spin-spin systems, the M(H) behavior is hysteretic and is
dependent on the orientation of the applied field with respect to the
direction of spin alignment.

Postulated Mechanisms for Stabilizing Ferro-
magnetic Coupling in Molecular/Organic Solids

Spin alignment throughout the bulk is essential for ferromagnet-
ism. Four mechanisms have been postulated for the pairwise
stabilization of ferromagnetic coupling of spins. These mechanisms
are insufficient for explaining bulk (3-D) ferromagnetic behavior
and a model to account for this is discussed. The models are (i)
configuration mixing (Hubbard) of a virtual triplet excited state
with the ground state for a =~D-*A-"D-"A-" chain (8-10), (ii) very
high spin multiplicity radicals (11), (iii) Heitler-London spin ex-
change between positive spin density on one radical and negative
spin density on another (12), and (iv) superexchange through a
degenerate orbital of a closed-shell molecule or ion (13). Insufficient
space is available to adequately discuss these models, although
reviews of these mechanisms are available (4). Since experimental
evidence for ferromagnetic behavior in a molecular compound has
been limited to the charge-transfer salt of decamethylferrocene,
Fe'l(CsMes), (Me, methyl group), 1, with tetracyanoethylene,
TCNE, 2 (14, 15), and because this compound has both the crystal
and electronic structures prescribed by the first mechanism, this
mechanism will be discussed in greater detail.
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There is great interest in molecular/organic ferromagnets. Crystals
comprised of a solid solution of galvanoxyl-hydroxygalvanoxyl have
been reported to exhibit ferromagnetic coupling. Hysteresis curves
characteristic of a bulk ferromagnet, however, were not observed
(16). Attempts to prepare a ferromagnetic polymer via the iodine
oxidation of 1,3,5-triaminobenzene (17) and topochemical poly-
merization of a dinitroxyldiacetylene (18) have been reported,
although neither reproducible chemical nor physical characteriza-
tion have been achieved. The reported magnetization corresponded
to only ~0.1 to 2% of the maximum theoretical magnetization. The
poor chemical characterization, low value of the magnetization, and
marked variation between samples suggest that the ferromagnetic
behavior in these polymers may not be intrinsic.

Structure and Magnetic Properties of
[Fe(CsMes),]- " [Acceptor]-~
Charge-transfer salts comprised of linear chains of alternating

donors (D) and acceptors (A), that is, “DADADA-, are poor
conductors (19), in contrast with segregated chain salts. Coopera-

Table 1. Summary of the properties of [Fe(CsRs),][anion] complexes possessing a **DADA 1-D structure; s, strong.

Anion*
Property
[C3(CN)s]™ TCNE [TCNE)-~ [TCNE]- "t [TCNQ)-~

Anion spin 0 ) 12 12 12
Space group C2le PI C2le Cme2, PI
Crystal system Monoclinic Triclinic Monoclinic Orthorhombic Triclinic
R¢(T) 3.6 (—100°C) 14 (25°C) 5.9 (—30°C) 6.0 (—106°C)
Intrachain Fe-Fe distance (A) 10.305 9.750 10.621 10.549
CsMes-anion distance (A) 3.44 3.28 3.51 3.67
CsMes-anion dihedral angle Xicgrccs) 0 2.8 3.9
In-registry Fe—Fe distances (A) 8.600 6.78 8.603 8.649 8.628

9.567 7.70 8.732 9.618 9.348

9.939 7.89 9.651 9.649 10.033
v(CN) mineral oil (em™") 2106s, 2207s 2203, 2180 2144s, 2183s 2144s, 2183s 2153s, 2179s
Méssbauer transitions, 1.4 K 1 2 6 12
Hin,, 1.4 K (kG) 424 404,

449

Curie-Weiss, 6 (K) -1 30 3
Critical temperature (K) 4.8+ 2.55§
Magnetism Paramagnetic Diamagnetic Ferromagnetic Metamagnetic
Reference (14) (29) (14) (14) (21)

*Cations are [Fe(CsMes),]** except for the neutral TCNE complex, for which the donor is [Fe(CsHs),].
SNeel temperature.

phase; anion 1s disordered and has not been refined. $Curie temperature.
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tLoss of MeCN solvent leads to formation of the orthorhombic
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Table 2. Magnetic coupling for homo- and heterospin systems with singly
and doubly degenerate HOMOs (3). Abbreviations and symbols: POMO
orbital degeneracies are either single, s (# or 4 symmetry), double, 4
(e symmetry), or triple, #; AF, antiferromagnetic; FO, ferromagnetic;
FI, ferrimagnetic; TMPD, N',N',N',N’, tetramethyl-p-phenylenediamine;
TTEF, tetrathiafulvalene; and OEP, octaethylporphyrin.

%2‘ 1}3()?: D—»A A-D Example systems

Homospin Y2 systems

st st AF AF [TMPD][TCNQ] (34)
[TTE][Pt(S,CiFe)s), V(CeHe)yr
d! st AF FO [Ni"(CsMes),] " [TCNE]-~ (33)
& st FO AF [Fe'™(CsMes),]-"[TCNE]-~
14, I5)

4! 4! FO FO Co"(CsHs),, NO-
& ' AF AF
& & FO FO

Homospin 1 systewms
& &~ AF AF O,, [Ru(OED)],

Representative heterospin systems

st &L FO [TMPD]-*[Cs(CN)s]~ (13)
st a4 FO [Co™(CsMes),] " [TCNE]-~ (14)
st & FI FI
at A FI FO
& a4 FO FI
£ st FI FI [Cr™(CsMes), ] [TCNE]-~ (33)

*D and A can be interchanged.

tive magnetic phenomena, including bulk meta- (4, 20) and ferro-
magnetism (4, 14, 15) as well as spin-Peierls transition (21), have
been reported for these alternate chain materials.

Our approach for designing molecular ferromagnets evolved from
the study of the magnetic properties of [Fe™(CsMes),]-* [TCNQ]-~
(4, 20, 22) (TCNQ = 7,7,8,8,-tetracyano-p-quinodimethane). Rap-
id crystallization led to the isolation of the kinetic phase, which has a
1-D structural motif based on alternating [Fe™™'(CsMes),]+" cation
donors and [TCNQ)-~ anion acceptors, (-D-*A-"D-*A-"+) both
with spin § = 1/2 (22) (Fig. 2). The value of p.g significantly
deviates (4) from the temperature-independent Curie behavior
characteristic of ferrocenium salts (4, 23) (Fig. 3). The magnetiza-
tion reveals metamagnetic behavior; for H < 1.6 kG the magnetiza-
tion is characteristic of an antiferromagnet, whereas for H > 1.6 kG
a sharp rise and approach to magnetization saturation characteristic
of a ferromagnet is observed (Fig. 4) (4). Several metamagnets such
as FeCl, are known (24), but this is the first example where neither a
1-D, 2-D, nor 3-D covalent network structure is present—only a
conventional, organic-solvent—soluble molecular solid (2).

With the discovery of the molecular metamagnet, we sought to
elucidate the structure-function relation through systematic modifi-
cation of A, the cyclopentadiene ring substituent groups, and the
metal to understand the steric and electronic features necessary to
prepare a molecular ferromagnet. On the premise that a smaller
radical anion would have a different spin distribution that could lead
to %rcatcr spin interactions, the [TCNE]-~ salt (S = 1/2) of
[Fe'™(CsMes),]-* salt was synthesized. The unit cell obtained for
acetonitrile grown crystals contained a molecule of solvent that was
completely lost with transformation from a monoclinic to an
orthorhombic cell (14). Both phases have the «D-*A-"D-*A- "~
motif (Fig. 2), although the anion is disordered and unrefinable in
the latter phase (I4). The magnetic and Mossbauer data were
obtained on the orthorhombic phase.

The high-temperature susceptibility of [Fe™(CsMes),]-*-
[TCNE]-" fits the Curie-Weiss expression with § = +30 K (Fig. 5),
indicating dominant ferromagnetic interactions (14). A spontaneous
magnetization is observed for polycrystalline samples below 4.8 K in
the earth’s magnetic field (14). For single crystals aligned with an
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external field parallel to the stacking axis, the saturation magnetiza-
tion is 1.6 X 10* emuG/mol (15). This is 36% greater than for iron
metal on a per iron atom basis and agrees with the calculated
saturation moment for ferromagnetic alignment of the donor
(8 =1/25 gy = 4) (g = Lande factor) and the acceptor (S = 1/2;
g = 2) (25). The critical (Curie) temperature, T, is 4.8 K, and
hysteresis loops characteristic of ferromagnetic materials are ob-
served (Fig. 6). A large coercive field of 1 kG is recorded at 2 K (15).

The single-crystal susceptibility can be compared with the results
from different physical models to understand the microscopic spin
interactions. For samples oriented parallel to the field, the suscepti-
bility above 16 K fits a 1-D Heisenberg model with ferromagnetic
exchange of J = 19 cm™! (15). Variation of the low-field magnetic
susceptibility for an unusually broad temperature range above
Te[x « (T — T;)™"], magnetization with temperature below
T[M « (T, — T)"?], and the magnetization with magnetic field at
T.(M x H'®) enabled the determination of the critical exponents ,
v, and 8. The values of 1.2, ~0.5, and 4.4, respectively, were
determined for the magnetic field parallel to the chain axis. These
values are consistent with a mean-field—like 3-D behavior. Thus 1-D
nearest-neighbor spin interactions are sufficient to understand the
magnetic coupling above 16 K, but 3-D spin interactions are
dominant near T¢. The key physical properties for [Fe(CsMes),]-*-
[A]-~ are summarized in Table 1.

The large single crystals that are necessary for measurement of
magnetic anisotropy are not readily grown. Such crystals of the 1-D
[TCNQ]-~ salt cannot be prepared, as the thermodynamically
favored dimer phase, which exhibits independent spin (Curie)
magnetic behavior (4, 22), forms. Large crystals of the [TCNE]-~
salt can be easily grown from acetonitrile; however, they contain
acetronitrile that is lost upon isolation of the crystals to form a
polycrystalline sample (14). Small single crystals enabling the deter-
mination of the magnetic anisotropy of the TCNE salt can be made
from tetrahydrofuran; however, the refinement of the anion cannot
be made because of disorder (14).

The ’Fe Méssbauer spectra of the TCNE and TCNQ salts of
Fe(CsMes), are informative. Atypical six-line Zeeman-split spectra
are observed in zero applied magnetic field at low temperature as the
radical anions provide an internal dipolar field. For example, a
Zeeman-split spectrum with an internal field of 424 kG (4.2 K) is
observed for the [TCNE]-™ salt (14), whereas the metamagnetic
[TCNQ]-~ salt exhibits a pair of six-line Zeeman-split spectra (22),
implying a pair of inequivalent Fe'™ sites below 4.2 K. The internal
fields are substantially greater than the expectation of 110 kG per
spin per iron atom (26).

Effect of Chemical Modification

The properties of “DADA- structured compounds based on
[M(CsRs);]" were studied to deduce the effect of changes in the
chemical composition. Three modifications were: (i) the use of
ferrocenium [Fe''(CsHs),]+* as the cation, (ii) use of alternate open-
and closed-shell anions, and (iii) replacement of Fe' with other
metal ions.

Ferrocene is 0.5 V more difficult to oxidize than decamethylferro-
cene and is not oxidized by TCNE (27, 28). Nonetheless, diamag-
netic [Fe''(CsMes),][TCNE] forms and has the same structure type
(29, 30) (Fig. 2). Stronger acceptors should stabilize complete
electron transfer with ferrocene. The electron transfer complex
[Fe"™(CsHs),]*[C4(CN)g]:~ (31) was prepared and possessed Fe'!
and [A]~; however, it is essentially paramagnetic. Since [Fe'™(Cs-
Mes),]""[C4(CN)g]-~ exhibits ferromagnetic interactions (31), the
structure of the [Fe™(CsHs),]-*[C4(CN)g]-~ should provide im-
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portant information when suitable crystals can be grown to enable
its determination.

Replacement of TCNQ with TCNE (14), C4(CN)¢ (31), or
similar acceptors led to «D-*A-"D-*A-"- complexes with domi-
nant ferromagnetic behavior (6 = 10 K). In contrast, replacement
with diamagnetic [C3(CN)s]™ (I4) led to the formation of a
«D-*A~D-*A™~ structured phase, which exhibited essentially Cu-
rie susceptibility (6 = —1.2 K) (Figs. 3 and 5). The marked change
in the ground state magnetic behavior upon substitution of the
radical anion suggests that the interchain anion-anion interactions
are important.

The [Co™(CsMes);]'[TCNE]-~ complex with an S = 0 donor
has been prepared. It exhibits the Curie susceptibility anticipated for
§ = 1/2 [TCNE]-~ (6 = —1.0 K) (Figs. 3 and 5) (14). Attempts to
prepare [M"(CsMes),]-* (M = Ru, Os) salts of [TCNE]-~ have
yet to lead to suitable compounds for comparison with the highly
magnetic Fe'' phase (32). In contrast, replacement of Fe!l in
[Fe nngMcs)z]“[A]" [A = TCNE, C4(CN)g] with Ni'! (§ = 1/2)
or Cr'! (S = 3/2) led to compounds exhibiting cooperative magnet-
ic properties (33). The motivation for studying these complexes
emanates from our expanded model (3) for the stabilization of
ferromagnetic coupling in molecular solids; their magnetic proper-
ties are discussed below.

The available data support the conclusion that the
«D-*A-"D-*A-" structure type with both § = 1/2 donors and
§ = 1/2 acceptors is necessary but insufficient for stabilizing cooper-
ative highly magnetic behavior.

Bulk Ferromagnetic Interactions in
Molecular Solids

Ferromagnetism requires spin alignment throughout the solid.
The model of configuration mixing of a virtual-triplet excited state
with the ground state for a «~D-*A-"D-"A-"~ chain, originally
introduced by McConnell (8), is an appropriate starting point, since
[Fe(CsMes),)*[TCNE]-~ has the prescribed crystal and electronic
structures. After applying this model to this system we extended to
other systems. This model only describes the magnetic coupling
within the repeat unit, [Fe(CsMes);]*[TCNE]-~. A mechanism
extending the magnetic couplings throughout the bulk is described
herein.

The large separations and energy differences between ions on
adjacent sites leads to small overlaps of the frontier orbitals and
prevents the formation of metallic energy bands for mixed-stack
charge-transfer salts. Instead, a D-*A-~ pair with a half-occupied
nondegenerate highest occupied molecular orbitals (HOMOs), for
example, [TMPD]-*[TCNQ]J-~ (TMPD = N,N,N’,N’-tetramethy-
p-phenylenediamine), exhibits antiferromagnetic coupling among
the spins (Ia in Fig. 7) (34). The antiferromagnetic coupling lowers
the total electronic energy by admixing the higher energy charge-
transfer states with the ground state (IIb and Ilc in Fig. 7) where an
clectron is delocalized onto an adjacent site. This delocalization and
energy reduction do not occur when the two electron spins are
parallel (ferromagnetically aligned in accord with the Pauli exclusion
principle). In this manner, antiferromagnetic coupling can be
achieved along and between chains.

The effective antiferromagnetic exchange interaction J can be
accounted for within a nearest neighbor Hubbard model with
transfer integral # between the D-* and A-~ and energy cost AE for
double occupancy of the nondegenerate orbital (35, 36). For
AE >>t and AE >> kgT (kg is the Boltzmann constant), the
exchange interaction J is approximately 2/AE. Since the D-* and A+~
sites are not identical, AE depends upon the direction of charge
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Fig. 2. Alternating donor-acceptor, linear-chain structure ~-D-*A:"D-*-

A7 of [Fe™(CsMes)l'* [A =TCNQ, TCNE, DDQ, Ci(CN)q],

[Fe"(CsHs),][TCNE], and [Fe'(CsMes),]-*[C3(CN)s]-~. The structure
chains for A = TCNE.
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Fig. 3. The effective moment as a function of temperature for [Fe'™(Cs-
Me;),][A]~ [A = TCNQ (x), TCNE (+), [C3(CN)s]-~ (A)] and [Co""-
(CsMes),*[TCNE]-~ (H).
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transfer. For singly occupied nondegenerate orbitals on each site,
(s'/s"), J is positive, and antiferromagnetic coupling dominates, as
the excited state is a singlet.

The situation differs for [Fe(CsMes)z]-"[TCNE]-", as the cation
has three electrons in a degenerate partially occupied molecular
orbital (POMO), #* (Ila in Fig. 7). Thus several states may be
admixed to lower the energy. The possibilities indicated in II of Fig.
7 include: (b) D-* «~ A+~ charge transfer, as well as (c) and (d),
A~ < D-" charge transfer. Admixing of any of these three excited
states leads to antiferromagnetic coupling. In contrast, excitation of
the minority spin (“spin down”) electron from the D-* to A-™ leads
to ferromagnetic coupling (Ile in Fig. 7). The net exchange
interaction  between adjacent degenerate (for  example,
[Fe(CsMes),)-*) and nondegenerate (for example, [TCNE]-") sites
depends upon the competition between forward and reverse charge
transfer. For forward charge transfer, Hund’s rule suggests that
ferromagnetic alignment (Ile in Fig. 7) dominates. For a bulk
ferromagnet, the important interchain ferromagnetic interaction can
also be stabilized by this mechanism.

A third type of interaction germane for the pairwise interaction
between doubly degenerate sites, each with three electrons (4%/4°,
for example, [Fe(CsMes),)-*—[Fe(CsMes),]-") is illustrated in IITa
of Fig. 7. By the above arguments, the exchange interaction
resulting from admixing of this higher energy charge transfer
(disproportionation) state is ferromagnetic (IIIb in Fig. 7). These
interactions are important for stabilization of the intrachain (4#*/s")
and interchain (4°/s', 4*/d%, and s's') interactions relevant for
[Fe(CsMes),]-* [TCNE]-~.
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Fig. 4. The magnetization M as a function of applied field H for [Fe™(Cs-
Me;s),]**[A]*” [A = TCNQ, (¢, 1.53 K; A, 1.87K; <, 2.34K; +,2.55K;
X, 4.47 K), and TCNE (A, 4.2 K)]. The antiferromagnetic critical tempera-
ture (Neel temperature) for [Fe(CsMes),]-*[TCNQJ-~ is 2.55 K.
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Extension of the mechanism to other electron configurations
possessing singly (s), doubly (4), or higher accidental or intrinsic
orbital degeneracies enables the identification of configurations
stabilizing ferromagnetic coupling for a specific direction of charge
transfer (3). The results of the evaluation of stabilization are
summarized in Table 2 of homospin (Sp = S,) and heterospin
(Sp # Sa) systems containing only singly and doubly degenerate
orbitals (37). For heterospin systems with incomplete spin cancella-
tion, antiferromagnetic coupling should lead to ferrimagnetic be-
havior (3), and the ferro- and ferrimagnetic interactions can be
predicted. Heterospin systems with a closed shell species, such as
s'/d® (or s'/a*), comply with superexchange through a degenerate
orbital of a closed shell species model (13). Mixed-valent open shell
species, such as 4'/4?, are the basis of a ferromagnetic organic metals
model (10). Realization of materials with properties consistent with
the latter two models have yet to be achieved.

Several examples corresponding to those listed in Table 2 have
been realized. As described above, the 4%/s' [Fel'l(CsMes),]-*-
[TCNE]-~ complex possesses a ferromagnetic ground state. Antifer-
romagnetic coupling is, however, predicted for 4'/s' complexes with
forward charge transfer. The [Ni"(CsMes), "[TCNE]-~ complex
has this electronic configuration and its susceptibility obeys the
Curie-Weiss expression with § = —10 K (Fig. 5). This is consistent
with dominant antiferromagnetic interactions (3, 32). A outcome of
the model is that all half-filled POMO cases are expected to exhibit
antiferromagnetic coupling.

For heterospin systems [the lower symmetry s and 4 electron
configurations (36)], two combinations support ferromagnetic cou-
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Fig. 5. The reciprocal magnetic susceptibility x ! as a function of tempera-
ture for [Fe"(CsMes),]-*[A]"~ [A = TCNQ (x, 6 = 3 K), TCNE (+, 6 =
30 K), [C3(CN)s] ™ (A, 8 = —1.2 K)] and [Co™(CsMes),]*[TCNE]-~ (M,
6 = 1K).
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pling; however, illustrative systems have yet to be identified for
these electron configurations (3). Due to an accidental degeneracy
of the 54 and ;4 orbitals of the cation (27), [Ct™(CsMes),]-+ has a
£ POMO; thus its [TCNE]~ salt (that is, half-filled £/s') is
predicted to exhibit ferrimagnetic coupling for either reverse or
forward charge transfer (3). Preliminary magnetization data are
consistent with ferrimagnetic behavior (33).

Guidance for the Design of Molecular/Organic
Ferromagnets

The McConnell mechanism leads to several important criteria for
the design of a molecular/organic ferromagnet. Foremost is the
requirement that the stable radicals possess a non—half-filled degen-
erate POMO (38). These radicals must not have structural or
electronic distortions that lower the symmetry and significantly
break the degeneracies (such as the Jahn-Teller effect). Accidentally
degenerate systems (for example, high-spin transition, lanthanide,
and actinide metal coordination complexes), however, suffice. Fur-
thermore, opposing effects (such as retro versus forward virtual
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Fig. 6. The magnetization M as a function of applied field H for [Fc'"(Cs—
Mes),]"*[TCNE]-~ (O, 4.7 K) shows hysteresis loops for [Fe™(Cs-
Me;),] *[TCNE]~ at 2 K (A).
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charge transfer) or the magnitude of the stabilization (for example,
inversely proportional to distance and energy difference between the
mixing states) may obscure the effect and lead to other phenomena.
Additionally, other mechanisms (8—13) for molecular-based ferro-
magnetic behavior may be present.

For radicals with intrinsic POMO degeneracies, the relatively
high symmetry restricts the choice of radicals to specific point
groups. For a 4 system the molecule or ion must belong to the D,q
or Cz3 point groups. Low symmetries suffice if accidental degenera-
cies occur. Jons may not be necessary, but stable radicals are
required. Homomolecular species (D = A) in principle are sufficient
if the third type of interaction described above dominates and one of
the excited state species formed has § = 1/2. Since the essence of the
mechanism is mixing of an excited state with a ground state with
spin conservation, a chain structure may not be requisite, but
designing materials with strong state mixing is important. Organic-
or inorganic-based polymer chain and network structures (39)
[albeit not molecular solids (2)], as well as nonchain structures with
the proper admixture of excited and ground states, should suffice.

In addition to the criteria applicable to the individual radicals, the
inter- and intrachain interactions are important for bulk ferromag-
netic, as subtle changes in the anion can substantially alter the
magnetic behavior. This structure-function relation is the subject of
current study.

Organic Ferromagnets

The quest for ferromagnets based on s or p orbitals is of intense
interest (7, 13, 16-19, 36, 40, 41). The magnetic data on [Fe(Cs-
Mes),]-*[TCNE]-~ demonstrates that ferromagnetism can occur in
molecular/organic systems. Replacement of the doublet organic
acceptor with a diamagnetic acceptor demonstrates that the organic
species is crucial for achieving bulk ferromagnetism. This system
contains low-spin Fe'™, not high-spin Fe" or Fe! or iron metal.
The ferrocenes possess chemical reactivity (similar to aromatic
organic compounds such as benzene) and physical properties (such
as solubility in conventional polar organic solvents) akin to organic
compounds and not to inorganic network solids.

NMe, NMe,

CX _C
Me,N~" \ / “NMe,

c
MeN”  NMe,
3

Accidental or intrinsic orbital degeneracies, albeit rate for organic
molecules, are needed for stabilization of ferromagnetic coupling by
the McConnell mechanism. Thus stable Dyq or C-; symmetry
radicals with § = 1/2 and a degenerate POMO (4) are required.
Breslow (9) reemphasized the necessity of a triplet state (42) and has
focused research toward the synthesis of stable Cj triplets, but
neither ferromagnetic coupling nor bulk ferromagnetic behavior has
been reported (9, 41, 42). Radicals with D4 symmetry, albeit rare,
in principle may possess a doubly degenerate POMO and should be
studied (3). Oxidation of D3; hexacyanotrimethylenecyclopropane
should lead to a #? radical cation (43). As this species has not been
isolated, other derivatives with electron-donating groups, such as
NR;, to stabilize the radical cation, for example, 3, should be
studied. Alternatively, with the goal of building a structure similar
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to that observed for the [Fe(CsMes),]**[A]-~ system (4, 14), meta-
substituted multilayer cyclophanes (44), for example, [3.3.3], 4, are
challenging targets for synthesis. These bulky materials may provide
the proper solid-state structure for bulk ferromagnetic behavior.

Summary

Quantitative bulk ferromagnetic behavior has been established for
the molecular/organic solid [Fe™™(CsMes),]-*[TCNE]-~. Above 16
K the dominant magnetic interactions are along a 1-D chain and,
near T¢, 3-D bulk effects as evidenced by the value of the critical
exponents dominate the susceptibility. The extended McConnell
model was developed and provides the synthetic chemist with
guidance for making new molecular materials to study cooperative
magnetic coupling in systems. Assuming the electron-transfer excita-
tion arises from the POMO, ferromagnetic coupling by the McCon-
nell mechanism requires stable radicals (neutral, cations/anions, or
ions with small diamagnetic counterions) with a non—half-filled
POMO. The lowest excited state formed via virtual charge transfer
(retro or forward) must also have the same spin multiplicity and mix
with the ground state. These requirements limit the structure of a
radical to D,q or C=3 symmetry where symmetry breaking distor-
tions do not occur. Intrinsic doubly and triply degenerate orbitals
are not necessary and accidental degeneracies suffice. To achieve
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+
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Fig. 7. Schematic illustration of stabilization of antiferromagnetic or ferro-
magnetic coupling. If both the D and A have a half-filled nondegenerate
POMO (s') (Ia), then the A <~ D (or D < A) charge-transfer excited state
(Ib, or equivalently Ic) stabilize antiferromagnetic coupling. If either the D
or A have a non-half-filled degenerate POMO (for cxample, 4>, assumed
here to be the D) (IIa), then the D «— A charge-transfer excited state formed
(IIb) or A < D charge-transfer excited states formed through excitation of a
“spin-up” D electron (Ilc or IId) will stabilize antiferromagnetic coupling. In
contrast, the excited state formed through the D « A charge transfer (Ile)
stabilizes ferromagnetic coupling. Hund’s rule predicts this to be the
dominent excited state that admixes with the ground state. If the D (or A)
has a half-filled degenerate POMO (for example, #%) (IlIa) then the A <~ D
(or D « A) charge transfer (disproportionation) excited state (IIIb) stabi-
lizes ferromagnetic coupling.
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bulk ferromagnetism, ferromagnetic coupling must be established
throughout the solid and a microscopic model has been discussed.
These requirements are met by [Fe'''(CsMes),]-*[TCNE]-~. Addi-
tionally this model suggests that the Ni"! and Cr™ analogs should
be antiferromagnetic and ferrimagnetic, respectively, as preliminary
data suggest. Additional studies are necessary to test and further
develop the consequences of these concepts.
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Computers in Molecular Biology:
Current Applications and Emerging Trends

CHARLES DELI1sI

The rate of generation of molecular sequence data is
forcing the use of computers as a central tool in molecular
biology. Current use of computers is limited largely to
data management and sequence comparisons, but rapid
growth in the volume of data is generating pressure for
the development of high-speed analytical methods for
deciphering the codes connecting nucleotide sequence
with protein structure and function.

LMOST 20 MILLION DNA NUCLEOTIDES FROM HUNDREDS

of organisms have now been sequenced, and the number

continues to rise nearly exponentially, with a doubling time
in the range of 2 to 3 years (Fig. 1). For some of the simpler
organisms such as Escherichia coli, the complete genome will very
likely be worked out within the next few years; for humans, the
sequence could be available by the turn of the century (1). The key
to rapid progress would then change from the generation of data to
its analysis, from finding the text to reading it.

The development of methods for generating this information has,
however, far outstripped the development of methods that would
aid in its management and speed its assimilation. As a result, we are
witnessing enormous growth in data of the most fundamental and
important kind in biology, while at the same time we lack the ability
to assimilate these data at a rate commensurate with the potential
impact they could have on science and society. Projections based on
near-term trends indicate that the problem could rapidly grow
worse: during the next 5 to 8 years, projects to map and sequence
the human genome (2, 3) are expected to increase data flow to about
10° bases per day—nearly two orders of magnitude more than the
current rate.

The management problem (collecting, organizing, standardizing,
disseminating, and so forth) has been widely discussed during the
past year, and it will likely be solved during the next several years,
largely by scientific cooperation (4). The problem of analysis
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requires linking nucleic acid sequences to the expression, structure,
and function of proteins far more rapidly than is currently possible,
and will require understanding the series of codes that connect
sequence with function far better than we now do. The crucial
messages are embedded in the local geometry of the DNA regions
that regulate the magnitude and timing of gene expression and in
the linear amino acid sequence of the protein itself, which, in a given
environment, determines higher order structure and therefore func-
ton.

The Computer as Catalyst

As a simple example of converging lines of research in mathemati-
cal and molecular biology, consider the implications of data genera-
tion for understanding genetic disease. Genes associated with several
hundred human diseases have now been assigned to chromosomes
(5) and often to particular regions, but precise localization has been
difficult. Almost 2 years have passed since the cystic fibrosis gene—
carried by approximately 1 in 20 Americans of European ancestry—
was localized to within a megabase on chromosome 7, but the gene
itself still has not been identified. The precise map of such regions is
essential for understanding the molecular basis of disease, determin-
ing, for example, whether the defect is in the gene itself or in its
regulation.

The efficiency of locating genes can be increased by developing a
cohesive set of biological, engineering, and mathematical tools.
These would consist of an ordered set of DNA clones to provide
material for sequencing and mapping, rapid sequencing methods to
provide the data for analysis, and new computational methods for
the analysis itself (3).

The role of computation can be understood by considering the
prospect of sequencing a megabase in a day—several hundredfold
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