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Syntheses and magnetic properties of novel nitronyl nitroxide derivatives are reported. In the 
derivatives under study, the bulky tetramethylethylene group of the conventional nitronyl 
nitroxide has been replaced by aromatic rings, giving planar n-conjugation systems. The first 
half of the paper is devoted to the syntheses and characterization of new derivatives of such 
radical, 2-phenylbenzimidazol- I-yl-N,W-dioxide (PBIDO). Chemical stability, n-spin den- 
sity distribution, and solid state magnetic properties have been examined from solution ESR 
and static susceptibility measurements. In the latter half, we discuss an anomaly of paramag- 
netic relaxation found in crystals of PBIDO by pulsed ESR spectroscopy. The origin of the 
anomaly is attributed to a possible formation of paramagnetic species with huge S, or "super- 
high-spin cluster" at lattice defects in the crystal. 

Keywcmfs: nitronyl nitroxide; imidazole- I -0xy1-.?-oxide; pulsed ESR; lattice defect; relaxa- 
tion time; T I  and T2 

INTKOI)UC1'1ON 

Organic molecule-hascd magnctism and magctics have hecn the l i~cus ol'currcnt 

topics in an interdisciplinary area oC physics and chcmis[ryi". Many stable 
open-shell molecules have been lound in nitronyl nitroxidc radical derivativcsl'l. 

[ 1071 11359 
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3604 10721 DAISUKE SHIOMI e t a / .  

The high stability oi the derivatives in crystalline solid stales underlies the recent 
development in the research licld o f  molecule-based magnetism. 

In designing new stable radical molcculcs as building blocks o f  organic 
magnetic materials. the hulky tetramethylethylene group o f  the convcntional 
nitronyl nitroxidc is worth applying chemical modilication'": The hulky group of  
.$-carbons disturbs the planarity of  the imidamle ring o f  nitronyl nitrcrxide. 
Whcn thc hulky group is replaced by a planar aromatic ring o f  sp'-carbons, new 
features o f  intramolecular spin density distribution and molecular packing are 
expected, leading t o  a variety of intcrmolccular magnetic interactions. In  this 
context, the isolation o f  a nitronyl nitroxide radical with a bcwxnc ring f u s e d  with the 
i m i b l e  Mg, 2-phenylbc&d;wi)I- l-yl-N,"-&xide (abbreviated as PBIDO, Iy2', 
makes an epoch in magnetics ofthe molecular crystals. 

The first part of the present study deals with new derivatives of PBIDO. 
One category of chemical modilicalion is substitution at the 2-phenyl group of 
PBIDO. The other is extension of  x-conjugation to an aromatic ring hsed 

with the imidazole ring of  PBIDO. Syntheses and characterization by ESR 
spectroscopy are presented for the new derivatives. For some derivatives 
isolated as stable solids, inhmnolccular magnetic interactions are examined by 
magnetic susceptibility measurements. 

In the second part of  this paper, we elucidate clcctron spin relaxation 
properties o f  PBIDO from pulsed ESR spectroscopy in a crystalline solid state. 

species with huge spin S, o r  supcrhigh-spin cluster, 
formed at lattice defects in the crystal of  PBIDO. The 
spatial topcik)Ly of the lattice dcfwts are discussed in 

organic solick. PBIDO, 1 

We propose the p)sible o c ~ u r r e l ~ ' ~  of paramagnetic 0- a:kJ 
view ofa  quantum nature of isotropic spin systems in the \d 

PHEYAHA'I'ION AND CHAHACTEHIZ4'IlON OF N E W  I)EHIVA'I'IVES OF 
PBIIK) 

The novel dcirvalivcs of PBIDO synthesized in the present study arc shown in Schcme I .  
The radkal.. 2 - 6 have substituents at the 2-phenyl group of PBIDO. The derivatives 8 
and 9 arc cxpectcd to have extended n-urnjugation on the aromalic Mgs. 
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SUPERHIGH-SPIN CLUSTER IN NITRONYL NITROXIDE [ 1073]/361 

P- P- 

aN. I w x  ap 
0 0 

7 
X = H (1). NO, (2), COzEt (3). 

O M e  (4). CI (5). M e  (6) 

Scheme I Derivatives of  PBIDO. 

8 9 

P- 

Scheme I1 Synthetic routes for (a)benzo and (b)phcnanthreno derivatives. 

The synthmk of  PBIDO 1 is h&.d on the coupling o f r ~ k m ~ q u h m ~  dioximc and 
bcrviddehyde (Scheme 11-a)? The d~riviativcs 2 - 6 were syntheskd by the similar 
prtxdurc and kolatd as stahlc solids. The 2-t-hutyl Ckrjvative 7 was dw obtained by 
coupliig of  the dioxime and pivalaldehydc. However, this coupling did not succeed b r  
9,lO-phenanthrencquhrnlnc dioximc. Instad, the coupling of phenanthrcquhne 
minn~ximc and bcrwaldoximc in e t h d  with dry HCI yielded the prwursor of  the 
target radial 8 (Scheme 11-b). The white precipitate cib~ained by this coupling was 
oxidkd by PM) or &-0 to yicld a blue ah t ion  of8 in bcwene. Using pivalaldoxime 
we obtained a purpk solution of9 in bcrvmc. 

The magnetic susceptibilities of  the radicals 2 - 6 were measured Icjr 
polycrystals with an applied licld of  0.5 T over a tcmpcralure range of  1 .X K to 

100 K on a Quantum Design SQUID magnctometcr. The results are 
summarized in Table 1. Rather strong antiferromagnetic interactions were 
obtained in scveral dcrivativcs o f  PBIDO; for example, x,, ofp-NOz derivative 2 
showcd a broad maximum at 110 K. 
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362/[ 10741 DAISUKE SHIOMI rt al. 

Singly occupied molecular orbitals extended on n-conjugated systems are 
supposed to overlap with those of neighharing molcculcs in crystals, giving rise 
l o  intermolecular antiferromagnetic interactions. However, wc have found 
ferromagnetic intcractions in the crystals o f  3. With decreasing temperature, the 
product xpT increases as shown in Fig. 1, indicating the presence o f  
intcrmolccular ferromagnetic interaction. The llx, vs. T plot gave a positive 
Wciss constant of + 1 .O K. 

The psubstitutcd PBlDO dorivativcs have been found to be good building 
blocks with high stability for the organic molecule-hascd magnetic materials. 
In order to elucidate magneto-structural relationship, crystal structure analyses for 
2 - 6 are now under way. 

TABLE I Summary of magnetic susceptibility data for 2-6. 
Radical Substitucnl X Wciss constant H1Kb' _' 2 NO2 

3 COICZHs +1.0 
4 OCHs -7.5 
5 CI -1 1 
6 CHI -6.9 

71n the Curie-Weiss approximation for S=1/2. 
'A maximum ofxp was observed at 110 K. 

. 
10.2 ia 
i 
10.1 
1 

fo0 "/ 0 0 20 40 60 80 100 

T I  K 

FIGURE 1 Temperature dependence (it' I/xp and xpT mc;isured for thc 
polycrystallinc sample of3 with an applied field ofO.5 T. 
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SUPERHIGH-SPIN CLUSTER IN NITRONYL NITROXIDE [ 1075]/363 

New derivatives o f  PBIDO 8 and 9 have been synthesized aiming at further 
extension of n-conjugation: the benzene ring has been replaced by phcnant hrene 
moiety. We expect that this extension may lead to a new molecular packing 
motif in a solid state and dclocalization o f  n-spin may afford additional stability 
in spite o f  the increasing number of chemically reactive sites. 

The r a d i s  8 and 9 rctained their c o b r  in xiluticrm lix w 30 min. and for ca. 3 h.. 
rtsptxtivrly. Evaporation of the solutions of 8 and 9 caused decompsitim of the 
radicllls to give yelkrw ESR-silent matenab; these radicllk could no1 k isolated. 
Altkrugh 7 is more stahlc than 8 4 9 a.s indicated by a lit’ctime of  ahout 2 days in 
hcwxnc, evaporation ofthe solution gave only a diamagnetic oily mixture. 

The n-spin density distributions in 8 and 9 are examined liom ESR spectra reccjrded 
in hewme arlutiom at room temperature and compared with those ol’kwm derivatives 
1 and 7. AU the s p t r a  exhibit 1:2:3:2:1 tivr-split lims due to the hypertine coupling 
with the two equivalent “N nuclei. For the radical 7, an additional hypertine splitting 
due t o  the four ‘H nuclei on  the hewn p u p  was suporposed onto the live-split lines. 
The g-factor and the “N hypcrtine couphg wnstants aN are summarizrd in Table 11. It 
is found fnm the UN values that the spin density on nitrogen da7eaw with the exlension 
of the n-system; thc spin density xems to  tlow into the bemr groups. We suspect that 

this distribution of the spin density may reduce the chemical st;lbiy ofthe phenanthrene- 
based radicals, because enhanced spin density on the planar ring may raise a reactivity o f  
the ring toward another radical mlccule. 

TABLE I1 ESR parameters and n-spin density at nitrogen for phenanthrene- 
hascd dcrivativcs 8 and 9 as compared with PBIDO (1) and 7. 

Radical K-valuc hfc UN (mT) n-spin density fit 
1 2.0068 0.438 0.208 
7 2.(JOhY 0.437 0.207 
8 2.” 170 0.381 0.181 
9 2.0071 0.387 0.183 

uN (mT) = 2.1 1 f”.  

PARAMAGNETIC RELAXATION OF PRIDO 

Let us summarize here the anomalous low temperature magnetic propertics of 
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364/[ 10761 DAISUKE SHIOMI et a1 

PBIDO crystals'7i. The susceptibility xp exhibited a round maximum at ca. 40 
K, which was explained on the basis of the antiferromagnetically coupled radical 
dimers. This seems consistent with the crystal structure; the PBIDO molecules 
form dimers with the molecular planes facing to each other within the dimer[". 
However, xp increased again below ca. 10 K, followed by another small peak at 
3 K. Cw-ESR spectra in this low temperature range showed angle-dependent 
fine structures and lAm,l = 2 transitions, indicating formation of high-spin states. 
The magnetic specific heat of PBIDO crystals measured down to 1 K in zero 
magnetic field exhibits a broad maximum at 2 KI3l, which can be related to the 
low temperature magnetic anomaly. From this, the molar magnetic entropy 
change below 5 K was  estimated to be AS = 0.18 JK-' mol-', which amounts 
only to 3 % of the total entropy of a spin-lL? system, Rln2 = 5.8 JK-' mol-'. 
Therefore, it is impossible to relate the low temperature anomaly to the bulk 
property of the crystal. 

T - ' - a  
In attempting to give a solution to the anomaly described above, paramagnetic 
relaxation behavior of PBIDO was examined by pulsed ESR spectroscopy. 
The spin-lattice relaxation time 7'' was measured for the polycrystalline samples 
by an HD-detected inversion recovery method with n- and sc/Z-pulses on a 
Bruker X-band FT-ESR spectrometer ESP380E. The spin-spin relaxation 
time Tz was measured from the time-profile of FID. 

From mom temperature 
down to 20 K, TI and TZ coincide with each other within the expmimental accuracy, 
indicating that the spin correlation rate is much larger than the microwave 6requency of 9 
GHz owing to the intermolecular exchange interaction. At bwer temperatye, however, 
T2 exhibits downward divergence'. Quantitative a d y s i s  of spin-spin relaxation time Tz 
is quite dE6cuh particularly for exchangeaupled many-spin systems. We note at 
present that the drop m Tt on bwexing the temperature is indicative of enhanced 

fluctuation of k d  field m the cryslal. Such enhancement would result h m  growth of 
effective magnetic moments m the exchangeu~upled spin system. Since the 

' A n  anomaly in H D  intensity was observed below 10 K Transiently acquired 
FID signal gradually increased in intensity 10 its maximum in a few minutes. 
Our discussion is limited to the data above 10 K, because we have no plausible 
physical explanation for the anomalous slow dynamics at the present time. 

Fylre 2(a) shows temperature dependence of 7'1 and Tz. 
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SUPERHIGH-SPIN CLUSTER IN NITRONYL NITROXIDE [ 1077]/365 

FIG1 JRE 2 (a)Temperature dependence of the relaxation times, TI and Tz. 
(b)ln(T,-') vs. T-' as compared with the generalized Orbach model 

(the activation energy: DS' /k, - 1 9 t l K ) .  

assembkge of the radical dhnerswith a singlet ground state never gives rise to the 
enhancement of bcal field at bw tanperatwe, some specific, local structure itwead of 
the bulk crystal structure should be taken mto amount to explain the relaxation anomaly 
as suggested h m  the specific heat -t. 

?he spin-lattice relaxation thne TI diverges upward below 20 K. The relaxation 
rate q-' in bgarjrtrmic & is poportjonal to T-' below 20 K as shown m Fig. 2@), 
indicating a thermaUy ContmIled mec- m the spin-lattice relaxation with the 
activation energy of Elk,  - 1 9 t l K .  When there is an energy barrier due to 
magnetic anisotmpy D of the h e  structure intemtion 

H - DSf, (1) 

the rate ofphOn0rrmediated spin-Iattice rekxatin T,-' is calculated within the second 
order perturbation ofthe SpirrphOnon interaction as given v' 

where S is the spin quantum number of the paramagrsetic SpeCKs mntriln~ting to the 
observed FID signal. Equation (2) means that the spiklattice relaxation, ie., the 
rotation of the magnetization toward the thermal equitibrium needs the thermal energy 
k , ~  =ID(sz: 'The moleculeS m the state of m, - S  have to climb to those of 
m, - S  -IS -2, . , .  and so on, untiU they reach the top of the energy barrier of zero- 
field splitting and then go down to the slate m, - 4. This procesr is regarded 
as a gemraked Orbach pmcedJ invulving 2 s - 1  of mtennediate states. 'The 
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3664 10781 DAlSUKE SHIOMI et al. 

obSL.rvcd divergence of’ TI is explaincd by the model o f  Eq.(2) with IDIS /k, - 19 K . 
G~nsihing that D/kB originating from the intcmolwular dipok-dipk interaction is in 
the order oC 1 mK, paramagnetic sp ie s  with huge S mmpcwd o f  exchange-awpled 
spin-lR molecules is cxpxted to dominate the relmtion process. The sign of I), 
which should ht: negative, is discussed kkow in conncclion with the spatial topcokoby of 
the huge-spin paramapetic spccics. 

Numerical cakulatios ol‘Hc!wnher)! spin Hamillonian 
The picture of thc hugc-spin ~amagnetk spccics, whih  is deduccd tiom the relaxation 
data in terms of  the generalid Omach mcchanism, conflicts with the bulk structure of 
the mokwular pckug. We take account of lattice dclicts 11s pr~sskk sourccs of the 
huge-spin species. From the milwular packing and the space g o u p  of PBIDOI”, three 

patterns of “dge diskraticons are expected to a p p u  in the ((K)2}, (202), .and 1200) 
phcs. This 
bring about “dangling spins” lice t h r n  the antifcrromagnctic intcraction in the dimcr as 
shown in Eg. 3(a). The danghg spins are arrayed akmg the a-axis, which is the 
p k i i  axis of the line structure found in the LW-ESRI’I. We suppose the {OOZ) 
diskation would dominate the relaxation momaly, it’ it produces high-spin asssmblagcs 

The a p p a e  of the huge-spin species at thc (002) dkkxation is verified by 

We take account of the diskmtmon running par;lllel to the (W2} plane. 

dog the U-ULS. 

calculating the Heisenberg spin Hamiltonian 

where.ll and.1: dcmte the intra- and in te r -her  nearest-neighbor exchange interactions, 
respxtively. S in Eq. (3) is the spin-1R operator at a milwular site. The Harniltonian 
is schernatLdy illustratcd in Rg.3(a). The product of susceptibility and temperiturc 
h T  was cllkulated by exact numerical diagonalvaticin of  the Hamiltonian (3). The 
cakulatd x ~ T  Ls pkottcd in Fig30 lior the two-dimensional (24) lattice of  14 

(= 4 x 4 - 2 ) sites poswssing Iwo “danghng spim”. WhenJ? is small (/1~111<1/4), the 
kow-ternpcraturc limit of x ~ T  corresponds to a pair of apparently decciupled spin-1R 
spins. On the othcr hand, when {/&/,1>1/4, x ~ T  appmichcs 0.071 cmu K md’, 
u~rrcspding to one spin-l in !he latlicc. A larger lattice with three “dangling sphs” 
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SUPERHIGH-SPIN CLUSTER IN NITRONYL NITROXIDE [ 1079]/367 

0.25,--. . , . . . , . . . , . . . , . . . , . . . 7  

a 
IL 0 

0 0.2 0.4 0.6 0.8 1 1.2 
T I  IJ,I 

FIGURE3 (a)Schematic drawing of the spin Hamiltonian. The circles 
represent the spin-l/2 sites which are coupled by the intra-dimer 
(J1) and inter-dimer (Jz) exchange interactions. The starred 
circles are “dangling spins” at the (002) dislocations. 
@)Calculated ; c ~ T  for the Hamiltonian of the 14-spin system 
(o&>O; *&<O). The horizontal lines denote the low- 
temperature limits of a T  expected for S=l and decoupled S=l/2 
spins. 

was bund to have a spb3/2 ground state h m  calculations of spin states using LancaDs 
algorithmm. From these resuhs, it is suggested that the hugespin species with S=Nn 
a p p r s  m the 2 d  system with N of ‘‘danglhg spins” at low temperature. It is 
concluded that the hugespin species, which is termed suphigh-spin cluster, grows 
along the (002) dirbcations and the energy barrier due to the m f i e k l  splitting of the 
cluster brings about the thermany activated Tl. 

Rne structure of the superhigh-spin cluster 
The spin Hamiltonian of the superhigh-spin cluster with a spin quantum number 
S is given by 

where g and D are the g-tensor and the fine structure tensor of the entire cluster, 
respectively. The principal zz component of D is related to the fine structure 
parameter D in Eq.(l) as 

2 
3 

D , - - D .  
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3684 10801 DAISUKE SHlOMI ef a!. 

The principal value D, ofD is negative with z // a, when it originates from the 
intermolecular dipole-dipole interaction alopg the dislocation axis. This 
linding is consistent with thc thermal activation behavior o f  T I  described by 

The size o f  the superhigh-spin cluster, Cx., the spin correlation length along 
the dislocation, lluctuates at a given temperature, whereas the size o f  the 
dislocation has a macroscopic scale in length as large as the crystal. Therelore, 
we observe in the pulsed ESR cxpcriments a thermal average o f  the clusters 
which have a size distribution. The fine structure parameter D is an effective 
one referring to the assemblage of the size-varying clusters. The satellite 
signals of the line structure found in the CW-ESRI’I is thus regarded as a 
superposition o f  the signals from the clusters. We give only a rough estimate 
o f  thc 

W 2 ) .  

value from the satellites, \Dl / gp, - 3 mT . 

Lattice deWs as novd physical mddd system liw quantum spin .systems 
One (if the most salient featurcs o f  organic open-shcll molecules as building 
blocks of magnetic materials is the isotropic nature o f  intermolecular exchange 
interactions16’. For antiferromagnetic spin systems, the isotropic nature 
underlies large quantum fluctuation o f  the spins which favors a singlet (S=O) 

pair more than an antiparallel alignment of neighhiring spins. When 1.1: I is 
negligiily sm;tll the a>verings of n o ~ t i c  singkt pairs over the 2-d lattice is 
fawmable in enerbv, resuhing in the apparently demupkd S=lR spins at the disku-ati0n.s. 
On the other hand, when I .I 121 .Il 1, spin-spin mrrelation Lq expccted to suniVe akmg 
the diskwation, giving risc to thc supcrhigh-spin cluster. 

The linite-size Hamiltonian (3) predicted the high-spin ground state for the 
2-d spin system with free-edges and the existence o f  the high-spin species with 
large IIS’ was clarilicd from the relaxation experiments. However, the small 
maximum ofxp at 3 KI’I and the changc in entropy below 5 K‘’’ indicate that the 
ground state o f  the entire lattice o f  the PBlDO crystal is n o t  of high-spin nature. 
The full understanding o f  the genuine ground state o f  the crystal, which may he 
obtained in conncction with another relaxation anomaly, i.e., the slow dynamics 
oC FID below 10 y is expcctcd to lcad to further insight into low-dimcnsional 
exchange-coupled quantum spin systcms. 
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SUPERHIGH-SPIN CLUSTER IN NITRONYL NITROXIDE [ 1081 ]/369 

CONCLUSION 

New derivatives of PBIDO with various substituents o n  the phenyl ring have 
bcen synthcsized and isolated as stable solids. Both fcrromagnctic and 
antifcrromagnetic interrnolccular intcractions have been found in thesc 
derivatives, indicating the potentiality o f  the derivatives with the fused aromatic 
rings as building blocks o f  molecule-based magnetic materials. The 
phcnanthrcnc-based derivatives have also been generated in solutions, hut are 
not isolablc. The enhanced spin density on  the aromatic ring may cause a 
chemical rcaction bctwecn the radicals to hamper the stability. 

For PBIDO, the divergence of 7’, and Tz has been h u n d  at low temperature. 
From the analysis of  TI in terms o f  the thcrmally activated spin-lattice relaxation 
mechanism, the limnation o f  the superhigh-spin cluster at dislocations in the 
crystals was elucidated. Lattice defect such as dislocation is not a trivial 
prohicm in molcculc-based magnetics hut a novel physical model system in 
which the spatial topology o f  intermolecular magnetic interactions is essential to 

solid-state magnctism in view of the quantum nature of exchange coupled spins. 
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