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●● Special features

●● Building blocks

●● Ways to bulk organic ferromagnets



Quantities for Description of Magnetism
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magnetisation:

magnetic moment magnetic moment of the spin carrier

magnetic susceptibility:

magnetic field



Phenomenology: Kinds of Magnetic Behaviour

Curie-Weiß laws valid above critic parameters: TC – Curie and TN Néel  temperatures; 
θD Debye temperature; C - Curie constant
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spinspin carrierscarriers

InorganicInorganic vs. OrganicOrganic
Magnets

● molecular entities● atomic entities
● half filled shells ● unsaturated valences

● stable

no no unified theorytheory of magnetism

methodicsmethodics theoretical proposals

material design

empirics

theoretical modells

extrapolation hardly possible

● reactive
large interspin distances

small exchange E 
TC low

● α-Fe ca. 4·1023 spins ● ca. 1021-1022 spins

low

1cm1cm33 containscontains

∑==
i

i

VV
M μμ



M

H

MMremanentremanent

MMsaturationsaturation

new curve

permanent hard magnets:
* Hsat high (104-107 A/m)
* Msat ≈ Mrem

Characteristics of Ferromagnets 

HHsatsat

β
Csat TTM −∝ CTT ≤

δ
coercsat HM ∝ CTT ≡

non-permanent soft magnets:
* Hc low (< 0,1 A/m)
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MMremrem

MMsatsat

permanent hard magnets:
* Hsat high (104-107 A/m)
* Msat ≈ Mrem

Ferromagnets
Characteristics of  

Organic Materials

++
●● low densities
●● flexibility
●● biocompatibility

●● insulating
behaviour

●● to to guideguide oror deflectdeflect HHextext::
∗ magnetic shielding

of HV electrical lines
∗ core materials in 

transformers

●● in in medicinemedicine
∗ magnetic imaging
∗ transducers for

implants

Applications

HHsatsat

non-permanent soft magnets:
* Hc low (< 0,1 A/m)

Crayston, J. A.; Devine, J. A.; Walton, J. S.; Tetrahedron 2000, 56, 7829 
Veciana, J.; Iwamura, H. MRS Bull. 2000, 41
Iwamura, H. Adv. Phys. Org. Chem. 1990, 26, 179
Rajca, A. Chem. Rev. 1994, 94, 871 



●● high high reactivityreactivity

●● tendencytendency of of singlesingle ee––

forfor bondbond formationformation

Encountered
Difficulties by Design

++
__

Organic Ferromagnets: 
Rational Design

●● non metallurgical, low T processing

●● modulation of properties thanks
composition-structure relationship

●● environmental friendliness

●● compatibility with polymers

Expected
Synthetic Advanteges

Crayston, J. A.; Devine, J. A.; Walton, J. S.; Tetrahedron 2000, 56, 7829 
Veciana, J.; Iwamura, H. MRS Bull. 2000, 41
Iwamura, H. Adv. Phys. Org. Chem. 1990, 26, 179
Rajca, A. Chem. Rev. 1994, 94, 871



spin polarization
(McConnell I)

Modells for Interactions
Providing Ferromagnetic Coupling

direct

ThroughThrough––spacespace CI controll
(McConnell II)

indirect
(superexchange) 

e.g. FeIII
4[FeII(CN)6]3·xH2O

ThroughThrough––bondbond



Intermolecular Interactions for 3D Order

H-Bonding CoulombVan der Waals

ArrangingArranging forcesforces
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Synthetic Achievements: Organic Ferromagnets
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TC  = 1.5
[20]

Non-conjugated Aliphatic Biradical
Exhibiting Ferromagnetic Coupling: 

no hysteresis:

[20] Chiarelli, R.; Rassat, A.; Rey, P. J. Chem. Soc. Chem. Commun.  1992, 1081;
Chiarelli, R.; Novak, A., M.; Rassat, A.; Tholence, J. L. Nature  1993, 363, 141

d(NO)intremol = 5.153 - 4.322Å

N,N´-dioxy-1,3,5,7-tetramethyl-2,6-diazaadamantane



Conclusions

● state of the art:state of the art:
- 4 kinds of organic ferromagnetic compounds found
- for each of them less than 10 derivatives 
- TC only for 2 of them exceeds 1 K (36 K)   

● no complete understanding, established strategy
trial and error

● ”built in” limitations:

- spin low concentration
Msat small
TC low

applications applications 
- not as permanent magnets
- merely as switching units

- reactivity of open-shell moieties



●● ubiquious
●● extensively studied
●● understood?

The Only Incontestable Organic Magnets:
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The Only Incontestable Organic Magnets:



Spin-Carrieres

●● kinetic stability towards
∗ dimerisation

∗ strong bonds, e.g. 
replacement of 
C–H with C–Cl

Requirements

– inhibition of magnetic
interaction among
radical centers
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∗ bond cleavage

●
R

●
R

R

●

R

●

– n(Q)↑

Oxidizability ↓

Strategies Drawbacks

– steric shielding

●
R

– introduction of charge

● +
R

● +
R



Conjugated Biradicals: Connectivity ↔ Multiplicity

non-Kekulé structure

Kekulé structure

PMOPMO

spinspin--polarizationpolarization

S = (NS = (NCC--NNCC)/2)/2(5-3)/2 = 1 (3-1)/2 = 1 (6-6)/2 = 0 (3-3)/2 = 0
odd evenNC between radical centers

non-disjoint disjoint

HMOHMO
+ + 

c2(SOMO)

[1]

[1] Hückel, E. Z. Phys. Chem. B 1936, 34, 339
Longuet-Higgins, H. C. J. Chem. Phys. 1950, 18, 265 
Borden, W. T.; Davidson, E., R. J. A. Chem. Soc.  1977, 99, 4587

[1]



Limitations of the Modell

nonlinear, rigid backbones,
e.g. calixarene derivatives

twisting prevents the trough-bond coupling

S = 2 S = 2 2 x S = 1

S = 2

prediction for a planar system

ESR-measurement

[2] Silverman, S. K.; Dougherty, D. A. J. Phys. Chem. 1993, 97, 13273

[2]



Paramagnetic Entities

● radicals

● carbenes (nitrenes)

∗ heteroatom-
centered

∗ C-centered

S =  S =  ½½ , 1, 1

● radical-ions

N
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single:

N

● poly-radicals

S > 1  

● polarons
(oxidized polymers)
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● poly-carbenes

non-disjoint non-Kekulé:

R =

through-bond

coupling

[3]

[4]

[5]

[6]

[3] Rajca, A.; Rajca, S.; Desai, S. R. J. Am. Chem. Soc. 1995, 117, 13273
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anticipatedanticipated forfor an an alignmentalignment of of neighbouringneighbouring moleculesmolecules::

Proposed Mechanisms of Ferromagnetic Coupling
Through-space: spin polarization of covalent bonds

S = 2 S = 0 S = 2expectedexpected: : 

pseudo-o-
Testsystems: bis(phenylmethylenyl)[2.2]paracyclophanes

pseudo-m- pseudo-p-

foundfound: : S = 2 S = 0 S = 2

[7] McConnell H. M. J. Chem. Phys. 1963, 1910
[8] Izuoka, A.; Murata, S.; Sugawara, T.; Iwamura, H. J. Am. Chem. Soc. 1987, 109, 2631

[8]

[7]



Proposed Mechanisms of Ferromagnetic Coupling

D•+A•- DA

D•+A•- DA

A2- D2+D•+A•-

McConnell

McConnell

Breslow

D+ D2+D+ D

D D•+D•+ D

Torrance

Wudl

FMO occupancies in dominant CIsModell

Requirement: 
similar redox-potentials for D & A  

Advantage: 
isotropyisotropy of Coulomb forces

regular ordering in allall directions
3D3D ferromagnetic coupling

Through-space: CI controll in CT-salts

[11] Allemand, P-M.; Khemani, K. C.; Koch, A.; Wudl, F.; Holczer, K.; Donovan, S.; Grüner, G.; Thompson, J. D.; Science 1991, 301; Tanaka, K.; Zakhidov, A. A.; Yoshizawa, K.; 
Okahara, K.; Yamabe, T.; Yakushi, K.; Kikuchi, K.; Suzuki, S.; Ikemoto, I.; Achiba, Y. Phys. Lett. A, 1992, 201    
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[10] Dormann, E.; Nowak, M. J.; Williams, K. A.; Angus, R. O.; Wudl, F. J. Am. Chem. Soc. 1987, 109, 2594


