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A Molecular Ferromagnet with a Curie Temperature
of 6.2 Kelvin: [Mn(Cs(CHj;)s),] "[TCNQ]~

W. E. BRODERICK, J. A. THOMPSON, E. P. DAY, B. M. HOFFMAN

The study of magnetic phase transitions in insulating molecular-solids provides new
insights into mechanisms of magnetic coupling in the solid state and into critical
phenomena associated with these transitions. Only a few such materials are known to
display cooperative magnetic properties. The use of high-spin molecular components
would enhance intermolecular spin-spin interactions and thus a series of charge-
transfer (CT) salts have been synthesized that utilize the spin § = 1 molecular cation,
[Mn(Cs(CHs)s),]* (decamethylmanganocenium). The structure and cooperative mag-
netic behavior of [Mn(Cs(CHs)s),]*[TCNQ]~ (decamethylmanganocenium 7,7,8,8-
tetracyano-p-quinodimethanide) are reported. This salt is a bulk molecular ferromag-
net with the highest critical (Curie) temperature (T, = 6.2 K) and coercive field
(3.6 x 10° gauss), yet reported for such a material.

HE SEARCH FOR MAGNETS COM-
prised of discrete molecular compo-
nents (1, 2) represents a new phase in
an enterprise that began with the invention
of the compass (3). However, to date only a
small class of ferrimagnets (4) and a few well
characterized bulk molecular ferromagnets
are known: the halo-bis(dialkyl-dichalco-
genocarbamato)iron(III) magnets (5) and
[Fe(Cs(CHs)s)2] "[TCNE]™  (decamethyl-
ferrocenium tetracyanoethylenide) (6). Fur-
thermore, these latter compounds contain
iron, which is ferromagnetic in its elemental
form and is the key component of lodestone
(magnetite). We report that the donor-ac-
ceptor ([D]*[A]™) charge-transfer (CT) salt
[Mn(Cs(CH3)s)2] '[TCNQ] ™ (I)  (deca-
methylmanganocenium 7,7,8,8-tetracyano-p-
quinodimethanide) is a true molecular ferro-
magnet and further propose that molecular
ions with S = 1, such as [Mn(Cs(CHs)s),]™,
are particularly favorable for the preparation
of magnetic molecular materials.
Directed synthesis of insulating ferromag-
netic solids from molecular ions requires an

W. E. Broderick, J. A. Thompson, B. M. Hoffman,
Department of Chemistry and Materials Research Cen-
ter, Northwestern University, Evanston, IL 60208.

E. P. Day, Gray Freshwater Biological Institute, Univer-
sity of Minnesota, Navarre, MN 55392.

understanding of the mechanisms that stabi-
lize the parallel alignment of the component
spins. The energy of the ferromagnetic state
can be written in the simplest case as a sum
of the contributions from pairwise interac-
tions between adjacent spins, E(F) = —3];-
S:S;, where S; and S; are the spins of the
adjacent interacting sites and Jj; is a coupling
parameter for the interaction between them
(1, 3, 7-10). The ground state is ferromag-
netic if interactions that cause the spins of
individual pairs to align parallel, corre-
sponding to J; > 0, are dominant in three
dimensions. Although such interactions in-
clude Heisenberg exchange for electrons in
orthogonal orbitals (11), the most widely
disseminated “prescription” (7) for generat-
ing pairwise ferromagnetic coupling in CT
salts is based on a recognition by McConnell
(1) that we may generalize as follows. Per-
turbative mixing into the ground state of an
interacting [D]*[A]~ pair by a virtual CT
excited state of the pair will selectively stabi-
lize a ground state of the same spin multi-
plicity as the excited state. Thus ferromagne-
tism is favored by constituents for which the
total spin angular momentum (St) of the
lowest-energy virtual CT state of an interact-
ing D* A™ pair corresponds to the sum of
the spins of D* and A", S; = S(D) +
S(A™); antiferromagnetism (or ferrimagne-
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tism) is favored if Sy = IS(D*) — S(A7)I.
Miller and Epstein proposed that the three-
dimensional (3-D) ferromagnetic ground
state of the mixed-stack linear chain CT salt
they prepared, [Fe(Cs(CHs)s)2] " [TCNE]~
(6), is stabilized by this mechanism (7, 8).
Further attempts to achieve bulk ferromag-
netism by preparing [metallocenium]*[A7]
CT salts where the anions as well as the
cations have S = 1/2 have been less success-
ful: several salts displaying ferromagnetic
coupling have been prepared but no other 3-
D ferromagnet has been reported (8, 12-14).

We reasoned that the use of cation-anion
components with spin S = 1 would enhance
bulk magnetism in a CT salt. According to
the equation for E(F), taking cither S(D™)
or S(A™) or both = 1, rather than equal to
Y4, would lower the energy of the ferromag-
netic ground state for a given J; when
ferromagnetic interactions dominate. In ad-
dition, components with S > 1/2 will in-
crease the saturation moment, M, for the
state  with all spins ferromagnetically
aligned: M = NB[gpS(D™) + gaS(A7)],
where N is Avogadro’s number, B is the
electronic Bohr magneton, and gp/s is the
appropriate Lande factor. Within the
McConnell mechanism, ferromagnetism re-
quires that the key CT state or states have
the correct spin to give J; > 0. However,
even if the D* and A~ spins align antiferro-
magnetically, a net moment still would re-
main when S(D*) # S(A™), and the result-
ant material could be a bulk magnet, namely
a ferrimagnet. In this case, the saturation
magnetization would be M = NBIgpS(D™*)
— gaS(A7)L. Finally, the possible interplay
between the intermolecular coupling among
the spins and the intramolecular zero-field
splittings for a component with S > 1/2 can
lead to unusual magnetic characteristics (5).

Within  this framework, [D]* =
[Mn(Cs(CH3)s)2]"  (decamethylmangano-
cenium) is an excellent choice as the cation
for several reasons. (i) The parent donor,
[Mn(Cs(CH3)s),], is easily oxidized to
[MH(C5(CH3)5)2]+ (E+/0 = —0.56 V versus
the standard calomel electrode) (15) and
thus will form CT salts with a wide variety
of acceptors. (ii) [Mn(Cs(CH;)s),]* has
spin S = 1 (15). (iii) In a salt with this cation
and a paramagnetic anion (A—; S = 1/2)
derived from a strong acceptor, the lowest
energy virrual CT state would be
[Mn(Cs(CHs)s)2]**[A]*~. This compound
we expected to have Sp = S(D?*) = 3/2,
which would lead to a pairwise ferromagnet-
ic interaction (J; > 0) for an A~ that has S
= 1/2. The expectation is based on the
observation that D?* formally contains
Mn** (4*), which would have S = 3/2,
whereas A*~ would be diamagnetic if A is
orbitally nondegenerate. (iv) Finally, the
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Fig. 1. Packing diagram of I showing a perspec-
tive view of the . . . D*A™D¥A". .. stacking ar-
rangement in the bc plane.

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

We have synthesized a series of molecular
CT salts with the S = 1 cation
[MH(CS(CH3)5)2]+ and have found that it
does indeed support ferromagnetic interac-
tions in a broad class of compounds (16). In
particular, I undergoes a magnetic phase
transition to a 3-D ordered ferromagnetic
state at 6.2 K, the highest temperature yet
reported for a molecular ferromagnet. Com-
pound I crystallizes as lustrous, dark, paral-
lelpipeds in the monoclinic space group
P2y/n, with four formula units per unit
cell. The structure of I, as solved by single-
crystal x-ray diffraction techniques, consists
of ...D*A™D*A"... stacks in which
Mn(Cs(CHs)s)," (D) and TCNQ™ (A7)
ions alternate along a (Fig. 1). In addition,
the closest interstack contacts also are be-
tween D* and A~ (17, 18). A similar stack
structure has been observed in other deca-
methylmetallocenium CT salts (8, 13). The
pentamethylcyclopentadienyl rings of the
cation in I adopt an eclipsed conformation
(~Dsp local symmetry), not the staggered
conformation previously observed in the
structure of the decamethylmanganocene
(19). Compound I is isomorphous with the

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

The magnetic susceptibility, xm, of poly-
crystalline I was measured with a super-
conducting quantum interference device
(SQUID) magnetometer. The temperature
dependencies of xm T and Xm~ ! recorded at
500 G are shown in Fig. 2. The room
temperature value, X, T = 2.44 + 0.01 cm?
K mol ™, is greater than the spin-only value
(1.38 cm® K mol ™) calculated for an uncor-
related two-spin system with Sp =1 and
Sa = 1/2 when a spin-only value of g = 2 is
used for both spins. Because organic radicals
such as TCNQ™ display spin-only mo-
ments, the high value of x,T probably is
due to an orbital contribution to the g-factor
of [MH(Cs(CH3)5)2]+. The value of XmT
for I is constant from ambient to ~50 K,
and a plot of xm~ ! versus T is linear (Fig.
2). Together these results show that the
susceptibility of I follows the Curie-Weiss
law, xm = C/(T — ©) for T = 50 K. The
Weiss parameter, which corresponds to the
T-intercept of xm ', is ® = +10.5 = 0.5
K. Its positive sign indicates that ferromag-
netic interactions (J; > 0) dominate. If it is
assumed that the largest exchange parameter
is associated with near neighbors along a
chain, then it can be shown that
Jp+a-lk = (11/8)0 = 14 K (10). As the
sample is cooled below 20 K, an abrupt
increase in xmT signals the approach of a
ferromagnetic phase transition. Below the
transition region, T < 5 K, the magnetiza-
tion of I becomes saturated: xp, is roughly
constant, and xm, T decreases linearly with T.

The occurrence of a ferromagnetic phase

100

Fig. 2. Temperature dependence of
XmT (squares) and xm, ™! (circles)
for I recorded at 500 + 10 G. In-
set: expansion of the 1.9 to 25 K
region of the X, T plot. The suscep-
tibility plotted here has been cor-
rected for core diamagnetism as cal-
culated from Pascal’s constants.
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transition was confirmed by measuring the
magnetization M of I as a function of tem-
perature and field in the ranges of 1.9 to 10
K and 0 to 50,000 G. As I is cooled in a low
field (50 G), its magnetization (Fig. 3)
shows a sharp transition, increasing abruptly
between 6.5 and 6 K. The critical tempera-
ture T is taken at the maximum of the slope
dM/AT: T, = 6.2 = 0.1 K. At temperatures
below T, (T < 4 to 5 K), the magnetization
saturates to a constant value (Fig. 3), as
expected for a bulk ferromagnet. The field
dependence of the magnetization at 3 K
(Fig. 4) is characteristic of a polycrystalline
3-D ferromagnet. The magnetization climbs
steeply to a value of ~1.35 x 10* cm® G
mol~! by 1000 G, and then gradually in-
creases to a maximum of 1.67 * 0.01 x 10*
cm® G mol ™! at the highest field attainable,
50,000 G. This result shows that I is indeed
a ferromagnet, not a ferrimagnet, which
would display a much smaller saturation
magnetization. The expression for M of a
ferrimagnet (see above) gives M = 5.58 X
10° cm® G mol™! when S(D*) =1,
S(A7) =1/2, and g =2 for both spins.
Even a significant orbital contribution to the
¢ factor of [Mn(Cs(CHs)s)z]* could not
increase M; to give agreement with the value
observed for polycrystalline I.

The zero-field susceptibility (dM/dH)g-¢
is extremely large but not infinite, and M is
not a constant for fields above ~1000 G
(Fig. 4), in contrast to what would be
observed in the limit of T << T, for a
perfect ferromagnet aligned along the easy
axis. These features of Fig. 4 arise because of
demagnetization effects and because the sus-
ceptibility is averaged over all orientations
of the polycrystalline material, including
both easy and hard magnetization axes. In-
deed, preliminary single-crystal studies indi-
cate that the magnetization of I is exception-
ally anisotropic.

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

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

27 JULY 1990

5000 T
4000 "
'E -
g 3000+
[C] ] .
-
£
S 2000 .
= ]
1000
ol Tiraaa,
0 2 4 6 8 10
T (K)

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

15000 . . :
= 1 PP
S ] 8 .
E 10,000{ 8000 -
o ] . .
(]
E 0
G
= 50003 _g000 .
1 . eenns e
ol ~5,000 5,000
0 20000 40,000
H (G)

Fig. 4. Field (H) dependence of the magnetiza-
tion for polycrystalline I recorded at 3 K. The
inset shows a hysteresis loop, M = f(H) for 1
recorded at 2 K.

addition, these results support the use of
high-spin (S = 1) components in CT salts
to broaden the class of magnetically ordered
molecular solids. Thus of the two
isomorphous compounds, [M(Cs(CH3)s)>]*
[TCNQ]~ with M either Fe or Mn, the salt
previously prepared with the S(D*) =
1/2 [FC(C5(CH3)5)2]+ ion (20) has an anti-
ferromagnetic ground state and displays me-
tamagnetic behavior, with a critical field of
1.6 kG and a Neel temperature of 2.55 K. In
contrast, the new salt prepared with
S(D") =1 [Mn(Cs(CHj)s),]" has a 3-D
ferromagnetically ordered ground state and
both a high critical temperature (T, = 6.2
K) and coercive field (3.6 x 10° G) for a
molecular ferromagnet.
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