
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 19 February 2013, At: 11:56
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Incorporating Nonlinear Optics
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl17

Magnetic Coupling Relationships for
Bis(metallocene)-benzene Complexes
Juan M. Manriquez a , Michael D. Ward a , Joseph C. Calabrese a

, Paul J. Fagan a , Arthur J. Epstein b & Joel S. Miller a
a Central Research and Development Department, E.I. du Pont
de Nemours & Co., P. O. Box 80328, Wilmington, DE, 19880-0328
b Department of Physics and Department of Chemistry, The Ohio
State University, Columbus, OH, 43210-1106, U. S. A.
Version of record first published: 22 Sep 2006.

To cite this article: Juan M. Manriquez , Michael D. Ward , Joseph C. Calabrese , Paul J. Fagan ,
Arthur J. Epstein & Joel S. Miller (1989): Magnetic Coupling Relationships for Bis(metallocene)-
benzene Complexes, Molecular Crystals and Liquid Crystals Incorporating Nonlinear Optics, 176:1,
527-534

To link to this article:  http://dx.doi.org/10.1080/00268948908037510

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss, actions,
claims, proceedings, demand, or costs or damages whatsoever or howsoever caused
arising directly or indirectly in connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl17
http://dx.doi.org/10.1080/00268948908037510
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Mol. Cryst. Liq. Cryst., Vol. 176, pp. 527-534 
Reprints available directly from the publisher 
Photocopying permitted by license only 
0 1989 Gordon and Breach Science Publishers S.A. 
Printed in the United States of America 

MAG N ETlC COU PLl NG RE IATIONS H IPS FOR B IS ( METALLOC EN E)- 
BENZENE COMPLEXES 

JUAN M. MANRIQUEZ,a MICHAEL D. WARD,a JOSEPH C. 
CALABRESE,a PAUL J. FAGAN,a ARTHUR J. EPSTEIN,b AND 
JOEL S. MlLLERa 
a Contribution No. 5185 from the Central Research and Development 
Department E.I. du Pont de Nemours & Co., P. 0. Box 80328, 
Wilmington, DE 19880-0328 and bDepartment of Physics and 
Department of Chemistry, The Ohio State University, Columbus, OH 
4321 0-1 106 U. S. A. 

A b s t r a  The synthesis and physical properties of meta- and para- 
bis(metal1ocene) benzene complexes with M = Fe, Co, Ni are reported. 
The electrochemical properties suggest greater electronic interaction 
between metal centers in the para-M complexes. In addition, the 
magnetic properties suggest different degrees of spin exchange for the 
meta and para complexes, with the latter exhibiting more pronounced 
antiferromagnetic coupling. These molecular complexes are 
considered prototypes for extended metallocene polymers. 

JNTRODUCT ION 

The magnetic behavior of molecular materials has been investigated 
intensively with particular emphasis on synthesizing compounds with high- 
spin ground states. For example, charge transfer salts of (C5Meg)zFe with 
various polycyanoanion acceptors have been reported to exhibit 
ferromagnetic coupling at low temperature.' Recent reports2 suggest that 
ferromagnetic coupling can exist in inorganic solids when spins are in close 
proximity so that Hund's rule is operative and when antiferromagnetic 
coupling can be suppressed by orthogonality of the magnetic orbitals. This 
behavior is also evidenced by the stability of triplet states in oxygen and 
carbenes. High spin ferromagnetic states have been reported for x -  
conjugated meta-substituted poly(phenylcarbenes),3 in which the behavior 
was explained by favorable spin exchange interactions in meta-substituted 
compounds that is not present in para-substituted analogs, as illustrated 
below for bis(methylene)benzene.4~5 
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ferromagnetic coupling antiferromagnetic coupling 

This coupling in bis(methy1ene)benzene has encouraged us to pursue high 
spin organometallic polymers shown below that are derived from benzene- 
metallocene fragments. If spin exchange between unpaired electrons in 
metal-based orbitals is mediated via the ligand system in a manner similar to 
that of bis(methylene)benzene, high spin states may be attained. 

d 
I 

L J x  

meta-polymer para-polymer 

In order to explore the feasibility of this approach the bis(metal1ocene)- 
benzene complexes shown below were chosen as model systems for these 
polymers. Investigation of these complexes should establish whether spin 
exchange between metal centers can be mediated in a manner similar to that 
noted in bis(methy1ene)benzene. Our immediate goal was to elucidate the 
role of different positional substitution of the benzene ring in the electronic 
interaction between metal centers as well as the criteria for establishing 
favorable spin exchange. 
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A 
mefa-Mp+ 

(M = Fe, Co, Ni) 
n = 0 , 2  

para-Mp+ 

n = 0 , 2  
(M = Fe, Co, Ni) 

RESULTS 

x-ray str~ctULB 
The dimer complexes were synthesized by a procedure similar to that 
described previously.6 Treatment of meta- or para-bis(cyc1opentadienide)- 
benzene with (CsMes)M(acetylacetonate) in THF affords the meta-M and 
para-M complexes depicted above. Subsequent chemical oxidations afford 
the mono- and dications, generally isolated as BF4- salts. Single crystal X-ray 
structural studies on the meta-M complexes indicate that the (C5Meg) M 
groups are oriented on opposite sides of a nearly planar meta- 
bis(cyc1opentadienide)benzene ligand. The most significant solid state 
feature of the meta-Ni2 complex is similarity between the through-space 
intramolecular (8.24 A) and intermolecular (8.74 and 8.78 A) Ni-Ni distances. 
Therefore, intramolecular and intermolecular magnetic interactions should be 
considered when interpreting the electronic properties of these solids (vide 
inf ra) . 

meta-Ni (neutral) 
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Unit cell of meta-Nl20 

Flectrochen7iStDI 
The degree of electronic interaction in bimetallic dimers is commonly 
estimated from the separation between potentials associated with 
electrochemical redox events as observed in cyclic voltammetry.7 All the 
complexes exhibit reversible electrochemical oxidations to the dications 
(removal of two electrons). With the exception of the cobalt complexes, cyclic 
voltammetry reveals larger separations between the first two 1 e- events for the 
para complexes, consistent with a greater degree of electronic interaction 
between metal centers compared to the meta dimers (Figure 1). This is 
especially evident for the nickel complexes; meta-Nl2 exhibits a single 2e- 
wave to form para-Ni22+, whereas para-Nl2 exhibits two clearly separated 
l e -  waves. The separation in the para-Fez is less significant. This behavior 
clearly indicates that the electronic coupling is dependent upon the symmetry 
of the substituted benzene ring, and is in accord with expectations for greater 
electronic coupling between para substituents. The cobalt complex exhibits a 
single 26- wave for both isomers, in apparent contradiction to the other 
complexes. This apparent discrepancy, is presently under investigation. The 
predominance of single 28- oxidations has prevented the syntheses of single 
oxidized meta-M2+ and para-&+ cations, as these compounds are not 
stable towards disproportionation. The more significant separation between 
single electron events observed in para-Nin+ suggests that para-NIz+ is 
attainable, but attempts to prepare this salt have not yet been successful. 
Electrochemical generation of rneta-Ninr+ and para-N124+ at higher 
potentials can also be observed by cyclic voltammetry; both complexes form 
insoluble blue films at the electrode surface as evidenced by the large surface 
wave upon reduction. 
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I S  I 

w m w m  
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FIGURE 1. Cyclic voltammograms for meta-Mz and para-M2 (M = Fe, 
Ni) complexes. 

TABLE 1. Electrochemical redox potentials determined from cyclic 
voltammetry (in V vs. Ag/AgCI). 

Compound Eol (n e-) E02 (n e-) E03 (n e-) Eo(2+/1+) - Eo(i+/o) 
Meta-Fena 0.11 (1 e-) 0.17 (1 e-) 0.06 
Para-Feza 0.12 (1 e-) 0.23 (1 e-) 0.1 1 
Meta-Co2b -1 .oo (2 e )  0 
Para-Co2C -0.1 5 (2 e-) 1.52 (2 e-) 0 
Meta-Ni;zc -0.42 (2 e-) 0.51 (2 e-) 0 
Para-Ni2c -0.48 (1 e-) -0.27 (1 e-) 0.52 (2 e-) 0.21 
a 0.1 M ~ - B u ~ N + C I O ~ -  /CH3CN; b 0.1 M ~ - B u ~ N + C I O ~ -  /THF; C 0.1 M /I- 
Bu~N+CIO~- /CH2C12; platinum electrode 
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manet  ic . DroDert igs 
The ability to prepare stable meta-Mz and para-Mn complexes as neutral, 
monocationic or dicationic species, and therefore with different d-electron 
counts, is particularly advantageous for investigating the magnetic properties 
of these complexes. The meta-Fe2 and para-Fe2 complexes are not 
described in detail here due to difficulties in interpretation of the data that 
result from their anisotropic g-factors. Complexes with d6-dS configurations 
(rneta-Fe20, para-Fe20, meta-C022+ a n d  para-C022+) were 
diamagnetic as expected. However, meta-Co20, para-Co20, meta- 
Ni2*+, para-Ni22+, meta-Nip and para-Nip exhibited high magnetic 
moments at room temperature and antiferromagnetic ground states. 
lsoelectronic d7-d' pairs (meta-Co20/meta-N122* and para-Cop/para- 
Ni22+) exhibited essentially identical behavior. The moments for meta- 
C o p  and meta-NI$+ at room temperature [peff(300 K) = 2.49 VB] were 
larger than those for the para analogs [peff(300 K) = 2.1 5 VB] and the transition 
toward the antiferromagnetic ground state occurred at lower temperatures for 
the meta complexes (Figure 2). These observations are consistent with either 
a pair of independent S = 1/2 spins [peff = 2.44 PB] or a S = 1 triplet excited 
state and a antiferromagnetic ground state, with a lesser degree of 
antiferromagnetic spin exchange in the meta isomers. For the d8-d8 meta- 
Ni20 and para-Nip stronger exchange is evident for the para isomer as 
well, with the room temperature moments (meta-Nip = 3.92 p ~ ;  para-Ni20 
= 3.60 PB) approaching that expected for a quintet state (i. e., 4.0 PB). 

Dilution experiments performed by cocrystallization of the 
paramagnetic complexes in a host of the isomorphous Fe complexes gave 
clear indications of a significant intermolecular spin exchange. For example, 
dilutions of <3% of meta-Nip in an isomorphous meta-Fez0 host gave 
significantly higher moments (when normalized for concentration) at low 
temperatures. Similar results were obtained for para-Nip in an para-Fe20 
host, although isomorphism is presumed here as X-ray structural information 
is lacking. These results suggest that statistically fewer intermolecular 
exchange interactions results in less intermolecular exchange associated with 
Ni-Ni contacts. As noted above, the crystal structure of meta-Nio reveals 
nearly equivalent intermolecular and intramolecular Ni-Ni distances. 
Therefore, through-space intermolecular spin exchange interactions are also 
an important consideration in the design of high spin systems based on the 
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BIS(METALL0CENE)-BENZENE COMPLEXES 533 

complexes. It is noted that the magnitude of the through space exchange is 
reminiscent of that observed for [(C5Me5)2Fe][tetracyanoethylene]. More 
detailed investigations of the properties of these dimer complexes, which are 
currently in progress, are required before attempting to synthesize polymers 
based on this concept. 
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FIGURE 2. Magnetic susceptibilities and moment (inset) plots for 
m e t ~ - M 2 ~ +  and para-M2n+ complexes (a) meta-Co20 (b) para- 
C o p  (c) meta-C022+ (d) para-Co#+ (e) meta-Nip (f) para- 
Ni20.  

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

1:
56

 1
9 

Fe
br

ua
ry

 2
01

3 



534 M. D. WARD, et al. 

ACKNOWLEDGMENT 

AJE and JSM gratefully acknowledge partial support by the Department of 
Energy Division of Materials Science (Grant No. DE-FG02-86ER45271 .A000). 
We also thank Edward Delawski, Will Marshall, R. Scott McLean, S. Riggs, 
and Daniel Wipf and for assistance in these studies. 

REFERENCES 

1. 
2. 
3. 
4. 
5. 
6. 

(7) 

J. S. Miller, A. J. Epstein, and W. M. Reiff, Chem. Rev. 88, 201 (1988). 
0. Kahn, J. Am. Chem. SOC. 704,187 (1982). 
H. Iwamura, Pure Appl. Chem. 58,187 (1986). 
N. Mataga, Theoref. Chim. Acta 10,372 (1968). 
K. Yamaguchi, Y. Toyoda, and T. Fueno, Synth. Met. 19, 81 (1987). 
(a) E. E. Bunel, L. Valle, and J. M. Manriquez, Organornetall. 4, 1680 
(1985). (b) E. E. Bunel, P. Campos, J. Ruz, L. Valle, 1. Chadwick, M. 
Santa Anal G. Gonzalez, and J. Manriquez, Organornetall. 7, 474 
(1988). (c) E. E. Bunel, L. Valle, N. L. Jones, P. J. Carroll, M. 
Gonzalez, N. Munoz, and J. M. Manriquez, Organornetall. 7, 789 
(1 988). 
(a) S. A. Adeyemi, J. N. Braddock, G. M. Brown, J. A. Ferguson, F. J. 
Miller, and T. J. Meyer, J. Amer. Chem. SOC. 94, 300 (1972). (b) M. J. 
Powers, R. W. Callahan, D. J. Salmon, and T. J. Meyer, lnorg. Chem. 75, 
894 (1976). 

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

1:
56

 1
9 

Fe
br

ua
ry

 2
01

3 


