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SYNTHESES OF MODEL OLIGOMERS FOR POLYIONIC ORGANIC 

PULSED ESlUELECTRON SPIN TRANSIENT "TATION (ESTN) 
FERROMAGNETICS AND THEIR HIGH-SPIN CHARACIERJZATION BY 

SPECTROSCOPY AS A NOVEL EXPERIMENTAL TECHNIQUE 
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Osaka City University, Sumiyoshi-ku, Osaka 558, Japan; 
Department of Chemistry: Faculty of Science, Kyoto University, 
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Abstract This paper deals with syntheses and unequivocal spin identification of 
prototypical model oligomers for the n-topological version of an approach to purely 
organic polyionic polymer fmmagnets, emphasizing that molecular design exploits 
the topological super pseudodegeneracy of n-bonding and n-antibonding molecular 
orbitals (n-HOMOS and n-LUMOs) appearing close to zero energy in heteroatomic n- 
conjugated organic systems, for polycationic and polyanionic organic polymeric high 
spins, respectively. The oxidation and reduction states of the oligomers designed ac- 
cording to the topological approach are expected to undergo dynamic spin polarization, 
leading to high-spin ground states for both polycationic and polyanionic model oli- 
gomers. Onedimensional and two-dimensional star-burst polycationic model oli- 
gomers with hetmoatoms participating in nconjugation were designed and synthe- 
sized. Their electronic high-spin ground states have been identified by means of Two- 
Dimensional Electron Spin Transient Hutation (2D-ESTN) spectroscopy based on an 
FT pulsed ESR technique to which recently we have exerted ourselves in order to ob- 
tain technical advances in molecular spin science underlying the research field of 
molecule-based magndics. In this study, the polyketone-based polyanionic high-spin 
species have been generated also by a dry process, i.e., electron doping by y-irradiation 
in organic glasses. 

INTRODUCTION 

The conceptual proposals of organic magneticdmolecule-based magnetism in terms of non- 
charged open-shell units were made as early as 1960's, emphasizing that the use of topo- 

logical-symmetry requirement in the electron network of n-conjugated homoatomic neutral 
hydrocarbons gives rise to the unlimited degeneracy in non-bonding molecular orbitals 
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(mined as topological degeneracy).',' The last decade has witnessed continuous interest in 
this interdisciphnary field of organic magnetidmolde-based magnetics h m  both the 
pure and applied sciences." The recent w i d  development of this field is partly due to the 
rich Variety of novel physical phenomena and pmperites which synthetic organomagnetic 
materials are anticipated to exhibit both m8czDsCopicaUy and mesoscopicall~ and partly 
due to their underlying potentia~ ap~licatiOns4'~ as future technology in materials science 
such as spin-manipulated electronics termed as spinics or ~pinmnics.~ Spinics underlies 
spin quantum tunneling effects and spin-pokkd phenomena appearing on Semimacro- 
scopic scale. 

Among diverse topics of organic magnetics, pluri-charged high-spin molecular systems 

generated by the hole or electron doping have recently dram attention as models for study- 
ing the interplay between pluri-charge fluctuation and spin polarization in homoatomic7~ * 
and heteroatomic poly~ationic~'~ high spin molecular systems as well as in metal-bridged 
stable polyketone-based polyanionic molecular sysfem~.'~~ I' AISO theoretically, the doping 
of organic high-spin systems has been studied ref& to molecular design of purely organic 
magnetic metals and high-Tc organic superconductors, predicting the possible occurrence of 
the convezsion limn the low spin states to the high spin states (or vice versa) driven by spin 
polarimtion or double exchange mech8nisms.'* 

According to our n-topological version of an approach to purely organic polyionic 
polymer ferr~magnets,'~ we have designed the prototypical multi-charged oligomers and 
synthesized the colTesponding diamagnetic precursors, as shown below, in order to illustrate 
the validity of our approach to polycationic high-spin systems of heteroatomc nconjugation. 
Various types of the oligoketonebased polyanionic countexpar& have been generated by 
chemical reduction using alikali-metals. In addition to intramolecular polyanionic high-spin 
species, md-bridged molecular high-spin clusters have been identified with the help of the 
2D-ESTN spectroscopy. Most of the polyionic high-spin species have been generated by 
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wet processes, Le., chemical reaction in solution. An attempt has been made to generate 
oligoketone-basd polyanionic high-spin systems by a dry process, i.e., electrondoping via 7- 

irradiation in organic glasses. 

The ground-state spin structures of the systems at hand have been studied by pulsed FT- 
ESR&lectron Spin Transient &itation (ESTN) s p e c t r ~ ~ ~ ~  as well as cw ESR spec- 

troscopy. We have developed a two-dimensional version of ESTN spectroscopy which en- 
ables us to carry out an unequivocal and facie spin identification generally applicable to 
non-oriented high-spin systems. The reasolls why we have exerted ourselves to develop an 
ESTN technique are as follows; (1) Multi-charged organic high-spin systems are generated 
by either electrochemicavchemical oxidation or chemical reduction in solution, giving rise 
to an ample chance to produce mixtures of low spin states of various levels and overlapping 
cw ESR spectra (2) With increasing spin quantum number S, spectral densities near g = 2 
region in finestrum ESR spectra fiom random orientation increase enormously, spectral 
simulation hiling when various S's amtribute to the spectra. Thus, a novel spectroscopic 
methodolow is required for the pxtmcopic resolution enhancement enabhg us to une- 

quivocally discrimhate betwen electron spin multiplicities in spin mixtures. The appear- 
ance of the overlapping spectra is rather intrinsic to high spin systems of xanjugation, in- 
tra- or inter-molecular high spins, in which two-center n-n spin interactions dominate. The 
ESTN technique is only briefly described in the experimental Section of this paper and the 
details has been published elsewha." Two-dimensional field-swept ESTN (2D-ESTN) 
spectroscopy is presented in order to illustrate the powerfihes and experimental feasibility 
of this novel ESR technique. From the methodological viewpoint the 2D-ESTN spectros- 
copy is totally different fhm conventional cw-ESR spectroscopy. 

TMEORETICAL; PULSED FT-ESR/ESTN SPECTROSCOPY 

ESTN spectroscopy is based on electron spin resonance to measure the spin Hamiltonian in 
terms of the rotating hme.  In terms of a classical vectorial picture for the motion of the spin 
magnetization MO in the presence of static magnetic field BO presseses at the nutation angle 
9 with nutation angular fresuency a, = fie fiom the initial direction mund the effective 
field Be by applying microwave field (BI) pulse with the width fl. The nutation kquencies 
are dependent on an ESR m i t i o n  involved, i.e., a spin quantum number S, and Mr 
manifold, as well as a ratio (o&w) of a zerofield splitting parameter (OD) and strength of 
the microwave radiation field (01 = @I). 

The quantum mechanical description of the nutation phenomena in pulse experiments 
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invokes the *on of the motion of the density matrix governed by the Liouville-von 
Neumann equation." The induction signai by the precessing magaetkation of the spin sys- 
tem is expressed in propOmon to 

where the surmnati on runs over M, and only the WD term in fine-structure spin Hamiltonian 
remains in the first order approximation. Thus, in the weak extreme limit of the microwave 
radiation field, ie.,  wdwr )) 1, the nutation frequency a, for an M, H M, - I ESR allowed 
transition is given by a simplified equation as follows; 

a= w/ [S(S+l) - M . ,  -1)]'! 

The nutation fkquency depends on Sand M, as well as w/ which is proportional to the effec- 
tive microwave field strength on the sample site. Note that this weak limit condition is satis- 
fied under ordtnary experimental conditions whenever the zerofield splitting parameter WD is 

Figure 1 exemplifies the nutation fresuency dependence on the ratio for a transition M, = 

112 # M,= -1/2 of S = 312. In the weak extreme limit, the ratio udu~ for S = 312 is equal 

largertban m-l. 
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to 2 according to the above simplified equation, as shown by an arrow (1) in Figure I .  Ex- 
perimentally, this has been demonstrated for c?+ in M~o." It has turned out that the well- 
known vanishing fine-structure constant fix C? in MgO is not correct and shows an appre- 
ciable amount of symmetry reduction mund the Crz' site. 

EXPERIMENTAL 

2D-ESTN Spectmcopy 
The nutation experiment can be made by either observing the FID or electron spin echo 
(ESE) signal s(t1, t2) as time domain spectroscopy by incrementhg the time interval tl of 
microwave pulse excitation parametrically. Figure 2 shows a schematic timing diagram for 
ESE-detected nutation experiments. The two time variables tl and t2 are independent. s(t1, t2) 
measured as a function of tl and t2 is converted into a 1D or 2D frequency domain spectrum, 

i.e., S(ft, t2) (or S(t1, fi)) or S(f1, f2) by Fourier transformation. S(f1, t2) gives the ID nutation 
spectnun at a given static magnetic field Bo. Thus, Bpswept nutation spectra can be ob- 
tained in a 2D representation, yielding spectroscopic resolution enhancements and une- 
quivocal S-disCrimination in fkquencydomain field-swept 2D spectra h m  spin mixtures. 

In the field-swept 2D spectroscopy applied to non-oriented systems, all the orientations of 
the systems contribute to the corresponding nutation frequency spectm In order to recon- 
struct complete nutation-fiquency spectra, contributions h m  the orientations giving rise to 
the resonance field are evaluated. The field-swept 2D presentation is of essential importance 
in the ESTN spectroscopy for non-oriented high-spin systems, as described below. This 
novel technique is applicable also to open-shell systems with exchange narrowing lines by 
the use of an FID detection'scheme." In this study, ESTN measurements were made by an 
ESE detection scheme composed of a three pulse sequence, as shown in Figure 2, simply 
because of the occurrence of inhomogeneously broadened cw-ESR lines in organic glasses. 

The ESTN spectroscopy is essentially free h m  spectral simulation required for randomly 
oriented systems in order to identi@ S and M, values of high spin systems. 

Materials 
During the course of model studies of polyionic high-spin oligomers, a series of 1,3- 
bis(di~1amino)benzenes and 1,3,5-tris(&arylamino)benzenes and their analogues have 
been adopted for precursors of polycationic high-spin systems. They were synthesized via a 
sequence of Ullman coupling reactions. 1,3,5-Tris(diarylamino)benzenes were synthesized 
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Nutation I Detection 

FIGURE 2. Schematic timing diagram for ESE-detected transient nutation experi- 
ments. 

following the reported method Also, a series of meta-, 1,3,5-polyketones and heteroaro- 
matic polyketones have been synthesized for precursors of polyanionic high-spin model 
oligomm. Their gromd-state spin multiplicities of the oxidized or reduced states have been 
for the first time identifki by ESTN spectroscopy applied to randomly oriented high-spin 
systems in organic rigid glasses, as exemplified below. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Figure 3 exemplifies a Boswept 2D nutation spectrum of N, N, N’, N’, N”, N”-hexa(4- 
~)-1,3,S-triaminobenzene trication 2% lo* I’  observed at 6 K in dichrolomethane under 
the experimental condition of the weak extreme limit. The projection onto the magnetic 
field axis gives a Bpswept ESR spectrum where a and c, and b designate the Ms = *3/2 H 
*1/2 and M. = 1/2 H -1/2 ESR allowed transition for S = 312, respectively. The nutation 
hquencycorrespondingto a andc appears at the peaks of 8.12 MHz in the 2D contour plot, 
while the fiquency to c at a single peak of 10.08 MHz, the ratio 10.08/8.12 bemg in good 
agreement with the theoretical value 2/31n given by the above equation. Under the experi- 
mental cundition the nutation kqmmcy cOrreSpOnding to S= lL2 species was 5 MHZ and 
no trace peak was observed at 6 K, as shown in Figure 6. Thus, it is unequivocally con- 
cluded that the ground state of 2* is spinquartet and excited doublet states are located 
higher than 300 cm-’ above the ground state h m  the temperahre dependence of the nuta- 
tion spectra These lindings agree with the theoretical expectation for the spin structure of 
the model polycationic high-spin oligomers. The 2D spech in Figure 3 also shows that 2* 
is stabilized bypmethoxy substitution and there is no mtamimtion h m  spindoublet 
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FIGURE 3, Magnetic field &swept 2D nutation spectrum of 2* observed at 6 K. 

species of by-products during the chemical reaction. 
In order to obtain intramolecular polyanionic high-spin species originating in plyke- 

tones, concentration and reaction-temperature umtrolled experimenls were carried out, 
while intermolecular high-spin clusters of S = 1,3/2, and 2 have dominated in the observed 
spectra from the chemical reduction of 1,3dibenzo~benzenes in solution. All the identified 
fine-structure constant related values (2S - 1)p( obtained for reduction states under study Wl 
in the range as small as 1.2 X an-’ and they depend on alkali-metals used in the chemi- 
cal reduction, indicating that these arise h m  metal bridgebased intermolecular high-spin 
clusters in the ground state. Semiempirically estimated values (2.S - l)pl for intramolecular 
polyanionic high-spin species under study range from three times to four times of 1.2 X 10” 
an-’, depending on their molecular structures. It is essential to characterize the spin structure 
of typical intramolecular plyanionic high-spin species in order to inhqret fkquently occur- 
ring intermolecular high-spin clustering.” The 2D-ESTN experiments on the diketone- 
based anionic systems showed direct evidence for intermolecular tri- and tetra-anionic 
h e r s  with S = 312 and 2 in the ground state, respectively, indicating the generation of in- 
tramolecular dianionic high-spin species which are attributable to the diketone-based dian- 
ions of S = 1. Semiempirical based calculations for zerofield splitting tensors of the intenno- 
lecular dimem are under way. 
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The quest for stabilized polyketone-based or other polyanionic high-spin systems is the 
focus of current topics in this field It has tumed out during the present study that the intro- 
duction of heteroaromatic ring stabilizes the polyanionic systems enormously. 
Metal fiee polyketone-basd polyanionic high-spin clusters have been for the first time 

identified which have been generated by a dry process, ie.,  thermal electron attachment via 
y-irradiation in 2-methyltetrahydrofuran glasses. The observed D values are larger than those 
of the corresponding intermolecular clusters obtained by akali-metallic reduction, providing 
a clue to molecular conformations at binding sites. 

A VJ3 approach in terms of molecular orbital and band structure calculations has been 
invoked in order to expound charge fluctuation vs. dynarmc spin polarization in topologi- 
c a l ~ ~  controlled polyionic high-spin systems of simpwed molecular ~tructures.~ The ap- 
proach is x-elecbron based, the simplest and does not consider the corresponding counter 
ions. It has turned out that the approach gives signiscant physical pictures for organic sys- 

tems with multi-charges and multi-parallel spins. Details will be described elsewhere. 

CONCLUSION 

x-Topologically controlled polycationic and polyanionic high-spin oligomers in their ground 
state have been studied as models for organic magnetic metals. The model oligomers have 
been synthesized and their ground-state spin multiplicities have been unequivocally identi- 

The molecular design has invoked the use of topologically super pseudodegenmy 
appearing in n-HOCO and n-LUCO bands for polycationic and polyanionic cases, respec- 

tively. The pseudo degenemy instead of the complete degenemcy for homoatomic hydro- 
cahons arises from heteroatomic perturbation. As far as robust spin polarization takes place 
in the topological electron network of heteroatomic xconjugation, the highest spin multi- 
plicity can be predicted. Otherwise, low spin ground states can occur particularly for polyca- 
tionic cases. All the experimetal data in this work provided evidence of the above theoretical 
exptation 

Intermolecular polyanionic high-spin clusters from oligoketones have been generated by 
the dry process of y-irradiation in organic glasses. These clusters exemplify metal-bridge 

Magnetic Field-swept 2D-ESTN spectroscopy applied to high spin mixtures in non- 
oriented media is stmightfoward and feasible to discriminate between high spins of differ- 
ent spin multiplicities. 

fied by pulsed ESW2D-ESTN spe~trosc~py applied to randomly oriented high-~pin systems. 

fi.ee intermolecular polyanionic high-spin organic systems. 
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