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NEW MAGNETICALLY ORDERED MATERIALS WITH HIGH Tc 

JOEL S. MILLER 
Du Pont Science & Engineering Laboratories, Experimental Station E328, 
Wilmington, DE 19880-0328 (USA) 

ARTHUR J. EPSTEIN 
Department of Physics and Department of Chemistry, The Ohio State University, 
Columbus, OH 43210-1 108 (USA) 

Abstract Magnets comprised of molecules, ions, and polymers is a focus of 
contemporary materials science research. The anticipated attributes of 
organic/molecular-based magnetic materials may enable their use in future 
generations of electronic, magnetic and/or photonic/photronic devices. Some 
organometallic solids comprising linear chains of alternating metallocenium 
donors, D, and cyanocarbon acceptors, A, i. e., .-D.+A.-D-+A.--., exhibit 
cooperative magnetic phenomena, i. e., ferro-, antiferro-, ferri-, and 
metamagnetism. For [Fe111(C5Me5)2]*+[TCNE]*- (Me = methyl; TCNE = 
tetracyanoethylene) bulk ferromagnetic behavior is observed below the critical 
(Curie) temperature, T,, of 4.8 K. Replacement of FeIII with MnIII leads to a 
ferromagnet with a Tc of 8.8 K in agreement with mean-field models developed 
for this class of materials. Extension to the reaction of a vanadium(0) complex 
with TCNE lead to the isolation of a magnet with a Tc - 400 K which exceeds the 
thermal decomposition of the material. A new class of metalloporphins exhibiting 
magnetic order are also reported. This demonstrates that a magnetic material with 
a Tc substantially above room temperature is achievable in a 
molecule/organic/polymeric material. 

INTRODUCTIO N 

Mankind has benefited from magnets for millennia and continues to do so. In perhaps 
the earliest example of technology transfer involving condensed matter science the 
compass was invented.1 Today magnets are used in magneto-mechanical machines, 
acoustic devices, telecommunication/information technology, and to motors and 
generators and consequently are indispensable to our high-tech society. 'Smart' materials 
and systems of the future will undoubtedly rely upon switches, sensors, and transducers 
which will be comprised in part by magnetic materials. Thus, magnets materials are a 
key focus of modem materials research programs. 

Magnetic materials of today are composed of d- or f-orbital transition or 
lanthanide atodion-based with an extended network bonding in at least two dimensions 
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and are prepared by high-temperature metallurgy. A molecule-based organic/polymeric 
materials may permit the selective modulation of the magnetic properties by organic 
chemistry methods. This may enable the combining of magnetic properties with 
mechanical, electrical, or optical properties, as well as simplifying the fabrication through 
low-temperature methods, Table I, to enable the use of organic materials in future 
generations of electronic, magnetic and/or photonic/photronic devices. 

Building Unit Example a Active Spin Site Processing Method 
Atom-basedb Fe, Fe304, CogSm, C e  Fe, Co, Sm, Cr Metallurgy 

C CC Pyrol y sis/Metallurgy 
Molecule-based [FeCp*21 [TCNEI FeIII, TCNE d Growth from solution 

Mn(hfach (m)  MnII, ONRd Growth from solution 
CuI*Mnn(obbz) MnII, CuII Growth from solution 
P-NO~C~H~NIT ONR d Growth from solution 

TABLE I Representative Examples of Magnetic Materials 

a Abbreviations are defined later in the text 
C Proposed d p-orbital based 

bcommercial Products 

Molecule-based ferromagnetic compounds, although postulated in the 196O's, 
have characterized only within the past decade?-* Herein we will very briefly describe a 
few of our recent research results. 

STRUCTU RE AND MAGNETIC PROPERTIES OF ELECTRON-TRANSFER 
DONOR/ACCEPTO R SALTS 

In 1979 [FeI*ICp*d-+[TCNQ].- (TCNQ = 7,7,8,8-tetracyano-p-quinodimethane, Cp* 
pentamethylcyclopentadienide, CgMeg) was characterized as a metamagnet, i .  e., below 

TCNQ TCNE 
1.6 kOe applied field the magnetization is characteristic of an antiferromagnet, whereas 
above 1.6 kOe a sharp rise and approach to magnetization saturation characteristic of a 
ferromagnet is observed.9 The tetracyanoethylene (TCNE) analog was latter 
characterized has having a bulk ferromagnet ground state. 10 These materials are 
comprised of alternating cation donors, D, and anion acceptors, A, i. e., -.D.+A.-D.+A.- 
.-, Figure 1.6~7 
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NEW MAGNETICALLY ORDERED MATERIALS WITH HIGH Tc [495]/135 

FIGURE 1. -.D.+A.-D.+A---- observed for [Fe1I1Cp*2].+[TCNE].- and 
[FeIIICp*d .+[TCNQ].- (not shown) . 
Though several metamagnets, e. g., FeC12, had been reported.11 this was the first 

example where a 1-, 2- or a 3-D covalently bonded network structure is not present. 
Thus, we sought to identify the relationship between the structure and magnetic 
properties by a systematic modification of the acceptor A, the CgMeg-ring substituent 
groups, and the metal-ion to establish the stearic/electronic features necessary to stabilize 
ferromagnetism and ultimately design a molecular based fernmagnet. On the assumption 
that a smaller radical anion would have a greater spin density which could permit 
increased spin-spin interactions, we sought to identify stable radical ions smaller than 
[TCNQI= and selected [TCNEIs-. 

[FeIIICp*2].+[TCNE].- was prepared and also found to possess the .-D-+A.- 
D-+A---. motif, Figure 1.6,12 In a zero applied magnetic field a spontaneous 
magnetization is observed.6~13 The saturation magnetization for single crystals aligned 
parallel to the .-D.+A.-D.+A---. stacking axis is 36% greater than on an iron basis and is 
in agreement with the calculated saturation moment for ferromagnetic alignment of the 
donor and the acceptor. The Curie (critical) temperature, T,, was determined to be 4.8 
K. A summary of the physical properties can be found in Table 11. 

Fitting the susceptibility data to different physical models aids in the 
understanding of the microscopic spin interactions. Above 16 K interactions among the 
nearest neighbor spins within individual l-D chains are sufficient to understand the 
magnetic behavior. The Curie-Weiss Law, x a T-1, is sufficient to model the higher 
temperature (T > 130 K) data with 0 = 30 K.6~12*13 An I-D Heisenberg model with a 
ferromagnetic exchange coupling, J, of 19 cm-1, however, models the data down to 16 
K.13 These models, however, are insufficient to explain the magnetic susceptibility 
below 16 K as long range spin correlations and 3-D spin interactions become increasingly 
important, until permanent 3-D ferromagnetic order occurs at a T, of 4.8 K. Variation of 
the low-field magnetic susceptibility with temperature above T,, magnetization with 
temperature below T,, and the magnetization with magnetic field at T, enabled a 
measurement of three critical exponents (Table 11) for the magnetic field parallel to the 
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chain axis. The observed values are in accord with a transition to a 3-D ordered magnetic 
state. 

Recently, the pressure dependence of the Tc for [FeCp*2].+[TCNE].- has been 
studied. Preliminary studies of the pressure dependence of Tc reveals that Tc increases 
with applied pressure by 0.21 K/kbar and reaches 7.8 K at 14 kbar applied pre~sure.1~ 
The [CO~~~C~*~]+[TCNE].- complex with a diamagnetic donor has been prepared and 
exhibits essentially the Curie susceptibility anticipated for [TCNE].-.12 Additionally, to 
test of the critical importance of the one-dimensionality, the spinless S = 0 [CoCp'2]+ 
cations were randomly substituted for the cation in [FeCp*2].+[TCNE].- structure. This 
resulted in the formation of random finite magnetic chain segments imbedded onto the 
linear chains. The dramatic, precipitous reduction of Tc with increasing [CoCp*2]+ 
content is in excellent agreement with theoretical concepts,l6 Figure 2. With a 14.5% 
replacement of Coin for FeIII, the Tc dropped from 4.8 to 0.75 K. 

Y 4.5 1 
0" 4.0 1 
I- 
ff 3.5 - 
3 
+ 3.0 - E 

2.5 - 
2.0 

E - . 
0 .= 1.0 

0.5 

.- 

0 

0 

0 

0 

0.0 ' I I I I I 
0.80 0.85 0.90 0.95 1 .oo 

1 -x  
FIGURE 2 Reduction of Tc with substitution of [CoCp*2]+ for [FeCp*2].+ in 
[FeCp* 21 .+[ TCNE] .- . 
Replacement of FeIII in [FeI*ICp*#[A].- [A = TCNE, TCNQ] with doublet 

NiIII, triplet MnIII, or quartet CrIII leads to compounds exhibiting antiferromagnetic, 
ferromagnetic, and ferromagnetic magnetic properties, respectively (vide infra). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
01

 1
8 

Fe
br

ua
ry

 2
01

3 



138/[498] J .  S. MILLER AND A. J.  EPSTEW 

- 0 7 - ,  I I 

With the goal of preparing additional molecular-based ferromagnets, the 
ferromagnetically coupled [FeCp*2].+[DDQC12].- (DDQC12 = 2,3-dichloro-5,6- 
dicyanobenzoquinone) electron-transfer salt was characterizedl7 (0 = +10 K). Since Tc 
is proportional to the spin magnitude (S), [MnCp*2]:+[DDQC123*- was prepared 
anticipating that Tc might occur at temperatures accessible in our laboratories.l* The 
high-temperature magnetic susceptibility of [MnCp*2].+[DDQC12].- can be fit by the 
Curie-Weiss expression with a +26.8 K @value suggesting that the strongest exchange 

10000 
I 

E 
i 
5 7500 

a 

S! 5000 
C 
0 

Q .: Y 2500 

.\ 

.- * 

s 

[ M n D D Q] [ D D Q CI 21 a. 

FIGURE 3 300 G molar magnetization, M, as a function of temperature for a 
zero-field (A, V) and high field (A, V) cooled (previous aligned in 19.5 kG) 
polycrystalline sample of [MnCp*2]:+[oDQC12].- as a function of increasing (A, 
A) and decreasing (V, V) the magnetic field. 

interactions (the interactions within individual chains) are ferromagnetic. Hysteretic 
magnetic field dependent behavior, albeit complex, was observed below -7 K. The 150 
to 2000 G magnetic field dependencies of the magnetization for a sample previously 
aligned in zero field or in high field (19.5 kG) is presented for increasing and decreasing 
magnetic fields, Figure 3. Above -3.8 K the magnetization exceeds the expectation 
calculated from the Brilluoin function for fully aligned S = 1 and S = 1/2 spins with a 

dramatically different behavior at low temperatures. Thus, a complex magnetic phase 
diagram describes the system at low temperature, Figure 3. Assuming complete 
alignment of the crystals with magnetic field parallel to the C5 molecular axis, a sample- 
history dependent saturation magnetization, M,, is observed with values up to 24,200 
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FIGURE 4 
[DDQC12]-- (from ref. 19). 

Magnetic phase diagram (see text) for [MnCp*2]:+- 

emuG/mol. The data are consistent with strong ferromagnetic coupling between adjacent 
radicals within each chain and a net weak antiferromagnetic coupling between the 
chains.19 This leads to memagnetic behavior. Thus, when an applied magnetic field is 
large enough, it becomes energetically favorable for the spins in all the chains to align 
ferromagnetically. Below -4 K there is an anomalous behavior with large hysteresis and 
remnant magnetization.19 For example, at -4 K the magnetization abruptly drops by 
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more than an order of magnitude depending on the applied field to a value lower than 
calculated from the Brilluoin function. At high temperature there is a field dependent 
crossover from low magnetization to a high magnetization state. This is suggestive of the 
presence of perhaps both a metamagnetic and a possible lattice distortion (spin-Peierls- 
like) transitions. However, since spin-Peierls transitions occur only in antiferromagnetic 
states, complex magnetic behaviors must be operative for the material. Simple 
metamagnetic behavior has been reported for [FeCp*2].+[TCNQ]-- 9 and [MnCp*2]:+- 
[{M[S2C2(CF3)]2).- (M = Ni, Pd, Pt).20 

From the experimental results three phase diagrams were derived to explain the 
various transitions. The equilibrium phase diagram for decreasing and increasing 
temperatures with the value of applied magnetic field being changed above an ordering 
temperature and kept constant during the temperature scan is presented in Figure 4a. 
There are three distinct regions: antiferromagnetic phase-I, mixed phase-I1 and the 
coexisting ferromagnetic-paramagnetic phase-111. A nonequilibrium phase diagram 
derived by cooling the sample in zero applied field above 8 K followed by increasing the 
applied magnetic fields at constant temperatures, Figure 4b. This diagram shows the first 
order boundary separating the different phases: the antiferromagnetic phase-I, the 
intermediate phase-IIb, and the ferromagnetic-paramagnetic phase-111. A nonequilibrium 
phase diagram for the metastable ferromagnetic state which appears after the system is 
cooled from 10 K in an applied field exceeding 1500 G to the desired temperature after 
which the field is decreased to the selected value and the temperature is subsequently 
reduced can be generated. This phase diagram is also achieved if a zero-field cooled 
sample is exposed to a sufficiently large external field, Figure 4c. The field is then 
decreased to the desired value and temperature is subsequently raised. The ferromagnetic 
state is stabilized at low fields (<650 G) below 4 K using this procedure.19 

Several mechanisms for obtaining the spin alignment throughout the solid necessary for 
ferromagnetism in a molecule/organic based material have evolved since the early 1970's. 
It is important to emphasize that the distinct mechanisms that have been proposed are for 
the pairwise stabilization of ferromagnetic coupling among spins and this is insufficient to 
account for three-dimensional ferromagnetic behavior, for which interactions in all three 
directions are crucial. The proposed models21 include: 

Ferromagnetic exchange resulting from orthogonal orbitals (no CI) - Hund's rule 
Configuration Interaction (CI) to determined dominant ferro- or antiferromagnetic 

exchange 
Dipole-dipole (through-space) exchange not involving the overlap of orbitals 

The CI model is complex with (a) excitations within a molecular species 
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(intramolecular spin coupling) and (b) excitations between molecular species 
(intermolecular spin coupling). The latter can have excitations only involving the POMO 
on adjacent molecular species with or without spatial constraints. The CI model increases 
in complexity when the excitations involve NHOMO and/or NLUMO. Even greater 
mechanistic and computation complexity is involved when excitations between localized 
and delocalized (metallic) states (intramolecular spin coupling) are involved. 

Frequently the exchange mechanisms are based on chemical stabilization of a spin 
state capable of exchange, leading to labeling of exchange mechanisms named by their 
chemical or physical nomenclature. An example of this approach is ferromagnetic 
exchange between polarons created in conjugated segments of block copolymers. In this 
case, polarons are the means in creating spin containing units. The exchange between 
these polarons comes from CI through the intervening moieties. The above is a 
classification of operative spin exchange mechanisms, not the means to achieve spins. 

It is often unclear as to which mechanism is the primary exchange mechanism in a 
particular chemical system. Particularly for compositionally and structurally complex 
molecular species-based systems it is probable that more than one mechanism plays a 
significant role (e. g., ferromagnetic coupling of spins within a one-dimensional chain 
due to orthogonal orbitals (top mechanism) and ferromagnetic or antiferromagnetic 
coupling between chains due to configuration interaction (middle mechanism) or possibly 
dipoledipole interactions between chains (bottom mechanism). Furthermore, since there 
are many levels of complexity of the CI model (bottom mechanism) there are many ways 
to describe this mechanism and exhaustive calculations are necessary to provide a detailed 
understanding. 

It is important to emphasize that highly magnetic behavior is not a property of a 
molecule, atom, or ion; it is a cooperative solid state (bulk) property. Thus, to achieve 
bulk ferromagnetic behavior in the context of the aforementioned high-spin molecules, 
intramolecular interactions, perhaps as described above, must be operative or the 
molecule is sufficiently large to be itself a magnetic domain. 

ATION OF THE CURIE TEMP ERATU RE. T r  

Heisenberg along with Dirac2h solved expressions that relate Tc to exchange integral 
between site i and j, J, for the general spin case assuming that only the number of 
equivalent nearest neighbor sites, z, is important. This simplest mean-field model leads 
to the following expression for the general spin case.22b 

2JzS(S + 1) T, = 
3kB 

where kB is the Boltzmann constant. 
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Out-of-Registry In-Registry 

FIGURE 5 Schematic illu tration of the structure of orthorhombic [FeCp*2].+- 
[TCNE].- showing intrachain L4 p ise out-of-registry and in-registry interactions. 
This model is constrained to have only one spin site S and an unique J. These 

are poor assumptions for the [MCp*2]+[TCNE].- system as the distinct spin sites may 
have different values of S and the crystal structure implies four distinctly different nearest 
neighbor J's, i. e., Jz. JAA, JDD, and JoP*,  Figure 5. A more appropriate mean-field 
expression for Tc, i .  e., Tc = 

64Jeff(SASD + SiS, + S A S i  + S i S k )  

as therefore developed.23 Thus, assuming the inter- and interchain interactions remain 
unchanged as the donor is varied, the Jeff will remain constant and consequently the 
relative Tc can be calculated for different values of SA and SD, Table 111. Clearly for 
[Fe1I1Cp*2].+[TCNE].- Tc is 4J,ff within this mean-field model. Thus, since Tc is 
observed to be 4.8 K, then Jeff is 1.2 K. This result points out that the value of Jeff is 
indeed small, but sufficient to enable a Tc at experimentally accessible temperatures. D
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TABLE 111 
Calculated Mean-Field Tc as a function of SD for SA = 1/2 Systems 

SD TC Scaled Tca 
1/2 4 J  1 .oo 
1 6.8 J 1.70 

3/2 10 J 2.50 
2 13.7 J 3.43 

a TJT,(SD= 1/21 
The key advantage of the above equation is that Tc can be scaled for different 

SDS, Table 111. Thus, Tc for a SD = 1 donor (with a SA = 1/2 acceptor) is 6.8 J or 1.7 
times greater than that for a SD = 1/2 donor (with a SA = 1/2 acceptor) system. Hence, 
since Tc is 4.8 K for [Fe111Cp*2].+[TCNE].-, then all else being equal Tc would be 
expected to be 8.2 K for the isostructural [MnIIICp*2]:+[TCNE]--. This is in good 
agreement with the reported value of 8.8 K for [Mn111Cp*2]:+[TCNE]--.24 (More 
complex equations utilizing four different Js leads to an improved scaling of Tc as a 
function of S~ . )2392~  Thus, the observed Tc is in excellent agreement with the 
experimental values and suggests that if this mean-field model is correct, then similar 
exchange interactions operate for both [FeCp*2l:+[TCNEl.- and [MnCp*2]:+[TCNE].-. 

We also treated theoretically the SD = 3/2 / SA = 112 case ( L  e., 
[CrCp*2]:.+[TCNE].-) and obtain a predicted scaled value for Tc of 12 K.23 
Experimental study of the magnetic susceptibility of the [CrCp*2].:+[TCNE].- shows a 
ferromagnetic transition at 3.65 K25 which is substantially lower than that of either 
[FeCp*2].+[TCNE].- and [MnCp*2]:+[TCNE].-,. This trend is also observed for 
[MnCp*2]:+[TCNQ].- (Tc = 6.5 K)26and [CrCp*2]:.+[TCNQ]-- (Tc = 3.5 K)?o The 
anomalously low value of T, is further compounded by the ferromagnetic magnetic 
exchange, in contrast to the prediction of antifemmagnetic exchange and a fenimagnetic 
ground state for the configuration mixing model described above (this model successfully 
yields the sign of the magnetic exchange of all other linear chain metallocene cases 
studied so far). Experimental study of the [CrCp*2]-:+[TCNE].- is complicated by its 
extreme sensitivity to the presence of oxygen which in turn modifies the observed 
exchange interactions.25 

ROOM-TEMPERATURE PO LYMERIC MAGNET 

With the observation of bulk ferromagnetic behavior for [MnCp*2]:+[TCNE]-- the 
preparation of the electron-transfer salt of V(C&j)2 and TCNE was identified for 
st~dy.27-~9 [V1(CtjH6)2]:+, like [Mn111Cp*2]:+, is an S = 1 cation possessing a 3E2g 
ground state (a1~Ie2~3).30 Reaction of V(C6H6)2. with an excess of TCNE in 
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dichloromethane results in an amorphous black precipitate with a nominal composition of 
V(TCNE)x.yCH2C12 (x - 2; y -1/2). However, due to the extreme insolubility of the 
precipitate and reactivity of the solvent and extreme air and water sensitivities, variations 
in composition as a function of preparation conditions have been observed. The first step 
in the reaction is electron transfer from V(CgH&' to TCNE followed by loss of the 
benzene ligands. The material exhibits strong, broad absorptions at 2099 and 2188 cm-l 
which are assigned to 'UC~N. The breadth of the UC+J absorptions and their relatively 
low frequency are consistent with the presence of reduced TCNE, with nitrogens 
coordinated to vanadium. 

LI d 8ooo( 
E 
2 6000 
E 

\ 

Q) 

4000 
ZT 

d 
.U g 
5 2000 

i! 

c) 

.U 

PD 

0 5; d o  140 2d0 2 
Temperature, T, K 

FIGURE 6 Magnetization, M, as a function of temperature, T, at different 
applied magnetic fields for V(TCNE)x.y(CH2C12). 

I i0 

The V(TCNE),.y(CH2C12) has a field dependent magnetization, M, between 1.4 
and 350 K, Figure 6. The unusual, nearly linear increase of M with decreasing 
temperature is unusual and may reflect the contribution of the two spin sublattices (V and 
TCNE) and/or the effects of disorder. Hysteresis with a coercive field of 60 G is 
observed at mom temperature. The strong magnetic behavior is readily observed by its 
being attracted to a permanent magnet at room temperature, Figure 7. Thus, this system 
is the first and only example of molecular/organic based material with a critical 
temperature above room temperature. The critical temperature exceeds 350 K, the 
thermal decomposition temperature of the sample. A linear extrapolation of the 
magnetization to a temperature at which it would vanish leads to an estimate of a Tc of 
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-400 K.28.29 An independent estimate of Tc was obtained29 using the empirical 
correlation between the spin wave coefficient and Tc exists for amorphous magnets.31 

FIGURE 7 Photograph of a powdered sample of the magnet being attracted to 
a CosSm magnet. 

Due to the structural disorder and variable composition of the magnetic material, 
the structure has yet to be elucidated. TCNE may bond to metals in many ways. For 
early uansition metals a linear or bent V-N o-bonds are anticipated. Presently we 
formulate each vanadium as being surrounded by up to six ligands which are primarily 
Ns from different TCNE's. C1 from the weak CH2C12 ligand or from oxidative addition 
of CH2C12 may also coordinate, Figure 8. Any trace oxygen that is present will swngly 
bond to the vanadium. The TCNE's may bind up to four different V's via o-N bonds. 
This fragment may be planar or twisted (Figure 8); nonetheless, its ability to bind to more 
than one vanadium enables the construction of a 3-D network structure that supports 
strong 3-D spin-spin coupling necessary for a 400 K Tc. By using THF or MeCN as 
alternative solvents, materials with Tc < 350 K can be isolated and characterized. Given 
the geomemcal constraints imposed by the coordination of TCNE to a metal ion, an open 
structure with unfilled vanadium coordination sites is not unexpected. 

Although the structure is unknown, it is interesting to speculate as to the type of 
magnetic coupling present from this system. Based on the IR data and elemental analysis 
the precipitate appears to be best formulated as Vn(TCNE)z1/2(CH2C12) with S = 3f2 VI1 
and two S = 1/2 [TCNEIs-s. For ferromagnetic coupling St,d is 5/2 and assuming g is 2 
the saturation magnetization, Ms, is expected to be 28 x 103 emuG/mol. For 
antiferremagnetic coupling between the VII and the two [TCNEf-'s and hence 
fenimagnetic behavior the S m d  is 1/2 and Ms is expected to be 5.6 x lo3 emuG/mol. 
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This is in good agreement with the value of 6.0 x 103 emuG/mol observed at 2 K at 19.5 

The results of the physical studies emphasize the importance of 3-D coupling in 
the V/TCWsolvent system. As a 3-D network structure present, eqn. [ 11 may be used 
to estimate the effective exchange interaction, J, operative in the room temperature magnet 
system (solvent = CH2C12). Assuming Tc = 400 K, S being the root-mean square of SA 
(1/2) and SD (3/2), and z = 5, then Jeff = 70 K. This is only 2.6 times greater than the J 
obtained for the inmachain exchange in [FeCp*d[TCNE] for which Tc = 4.8 K, yet Tc is 
nearly two orders of magnitude greater. The differences in transition temperatures have 
in large part then to do not with the difference in J alone but also with the change in 
dimensionality from quasi-1-D to essentially a 3-D system. Hence, we conclude that for 
achieving high Tc in molecular/polymeric it is a significant advantage to increase the 
dimensionality of the spin network. 

kG.27-29 

V 

1 
i N 

+V V 

H- 
V f Nj 

V 
Twisted Planar 

N 

FIGURE 8 Proposed local bonding about each TCNE and V. 

TqLLOPORPHIN-BASm MAGNETS 

[MnTPP]::+[TCNE]---2PhMe (TPP = meso-tetraphenylporphinato) represents a new 
structural class of molecular magnet~.3~ [MnTPP]::+[TCNE].-*ZPhMe crystallizes as 
parallel 1-D ...ID]::+[ A].-[D]::+[A].-... chains in which the [TCNE].- binds identically to 
two [MnTPP]::+ moieties in a truns-p2-N-a-bound fashion, Figure 9. The solid state 
motif is distinctly different than that for the [MCp*2]+[A].- electron-transfer salts as 
[TCNE].- does not coordinate to the M. Thus, the bonding of reduced TCNE to Mn is a 
model for the bonding of reduced TCNE to V in the V[TCNE],.y(solvent) magnet. 
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Manganesetetraphenylporphine, MnTPP Manganeseoctaethylporphine, MnOEP 
The susceptibility for [MnTPP]::+[TCNE].-.2PhMe can be fit by the Curie-Weiss 

expression between 115 and 250 K (0 = +61 K) and above 280 K (0 - -15 K). Above 
250 K the susceptibility exceeds expectation for independent spins. A minimum in the 
value of xT, characteristic of 1-D ferrimagnetic behavior?3 is observed at -310 K and 
field dependent susceptibility is observed below 50 K. The saturation magnetization, M,, 
is up to 30,000 emuG/mol in good agreement for the expected saturation magnetization is 
29,925 emuG/mol assuming ferromagnetic ordering of the S = 1/2 [TCNE].- spin and S 
= 2 [MnTPP]::+ spins. A hysteresis curve with a coercive field of 375 G was obtained at 
5 K, demonstrating that [MnTPP][TCNE] is a magnet at low temperature. Extrapolation 
of the steepest slope of the 3 G M(T) data to zero yields an estimate of a magnetic 
ordering temperature of 18 K. Thus, [MnTPP][TCNE] with the trans-p2-N-o-bonded 
[TCNE].- is a representative example of a new structure type of molecular based magnetic 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
01

 1
8 

Fe
br

ua
ry

 2
01

3 



148/[508] J .  S. MILLER AND A. J.  EPSTEIN 

materials. Due to the direct bonding of the TCNE to the Mns this class may also be an 
important model for the disordered room-temperature VKCNE magnet. 

8ooox 
60004 
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.- 
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-2000 I I I I 

0 1 0  2 0  3 0  4 0  I 

Temperature, T, K 

[ M n TP PI [ TC N El 

Tcompensation 
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FIGURE 10 Remnant magnetization vs. temperature for [MnTPP]::+[TCNE].- 
-2PhMe. The sample was cooled in an applied field of 11.5 kG to 2.1 K, then 
the applied field was reduced to zero, and magnetization was obtained while the 
sample was warmed (from ref. 34). 

As a consequence of the alternating S = 2 and S = 1/2 chain structure, the 
[MnTPP]::+[TCNE].--2PhMe 1-D chain is an excellent model system for studying a 
number of unusual magnetic phenomena, for example, the magnetic behavior of mixed 
quantudclassical spin systems.34 Thus, [MnTPP]::+[TCNE].-.2PhMe shows a 
remarkable compensation phenomenon. That is, samples cooled in zero field, have a 
Nee1 ordering temperature at -18 K. The sublattice magnetization within the two 
different spontaneous spin configurations vary differently under thermal activation, 
resulting in an unusual compensation phenomenon which mimics long range order, 
Figure 10. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
01

 1
8 

Fe
br

ua
ry

 2
01

3 



NEW MAGNETICALLY ORDERED MATERIALS WITH HIGH T, [5oS]/ 149 

To extend this system the analogous TCNE electron-transfer complex was 
prepared with the easier to oxidize MnOEP (OEP = octaethylporphine). 
[MnOEP]::+[TcNE].- exhibits weak fmrnagnetic coupling as evidenced by the fit of the 
susceptibility to the Curie-Weiss expression with a 0 of +5 K. In contrast, however, this 
material does not exhibit any evidence for cooperative magnetic ordering down to 2 K. 
The differences in the magnetic properties lies in the structural differences. Although 
both [MnTPP]::+[TCNE].- and [MnOEP]::+[TCNE].- form parallel 1-D --[D]::+[A].- 
[D] ::+[A] .-... chains, Figure 9, they are not uniform, but dimerized for 
[MnOEP]::+[TCNE]--. Also the IC* [TCNE].- orbitals interact differently with the 
MnIII's. Thus, uniform chains appear important for achieving long range magnetic order. 
This necessity has also been identified to achieve high, metal like dc electrical 
conductivity for l-D molecule-based metals such as those based on TCNQ. 

CONCLUSION 

Since the initial reports of 3-D cooperative metamagnetism for [FeCp*2][TCNQ] and 
ferromagnetism in [FeCp*2][TCNE] there has been rapid, substantial progress in the 
synthesis of materials, models for the origin and conml of the spin exchange interaction, 
and theories for the origin and details of the observed magnetic behavior such as Tc and 
saturation magnetization. The chronology of increases in Tc is compared to that of the 
organic and ceramic superconductors in Figure 11. From these exemplary materials 
exhibiting cooperative magnetic ordering the field of molecular/organic/polymeric based 
magnets has evolved to include a wide range of phenomena including magnetism in the 
VRCNE molecular-based material significantly above of room temperature. As this 
research area has evolved, several chemical features have emerged as important 
considerations in designing new magnetic materials. Clearly to prepare a molecule-based 
magnet both the donor and acceptor, if present, must be radicals. Such radicals need 
only have one spin per site; however, a greater number of spins per site is expected to 
lead to higher Tc materials. For donor/acceptor based systems the competition between 
ferromagnetic and antiferromagnetic interactions arises from D-D, D-A, as well as 
A-A interactions. Subtle changes in the orbital overlaps presumably lead to subtle 
changes in magnetic coupling. Thus, akin to proteins, the primary, secondary, and 
tertiary structures are crucial for achieving the desired cooperative magnetic properties. 
Current limitations to the discovery of new molecular/organic/polymeric magnets requires 
the rational design of solid state structures which remains an art. This is due to the 
formation of numerous polymorphs, complex and solvated compositions, as well as 
undesired structure types. The growth of crystals enabling the study of the single crystal 

structure and magnetic properties is also an important limitation. With the dramatic rapid 
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evolution of the field, major advances are expected to occur in this new arena of solid 
state science. 

VTCNE., 

I MoleculaBased Magnets 

FIGURE 11 Time evolution of the discovery of increasing critical 
temperatures, T,, for molecular-based magnetic materials as well as organic and 
oxide superconductors. 
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