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Abstract Thc crystal structurcs and magnctic propcrtics of 1,5-bis(4-nitrophcnyl) 
dcrivativcs of vcrdazyl frce radicals (1-3) arc dcscribcd. The rnagnctic propcrtics 
of 1 are explained by the singlct-triplct modcl with the coupling constant 2J* 
= 93 K. The susccptibility of 2 was fittcd by thc Bonncr-Fishcr modcl w i t i  
J,,/k, = 5.6 K. These rcsults were in good agrccmcnt with the molccular 
arrangcmcnt in the crystal. The susceptibility of 3 obeyed the Curic-Wciss law 
with the Wciss constant 8 = -0.5 K. The magnctic intcrmolecular interactions 
were significantly suppresscd by introducing the substitucnt at the 6-position. 

INTRODUCTION 

Rcccntly, the magnctic propcrtics of organic frcc radicals and mctal complcxcs arc 
intcnscly investigated secking for fcrromagnctic intcractions bctwecn the spins in solids.' 
Among others, thc nitronyl nitroxidc-typc frcc radical having nitro group, p-nitrophcnyl 
nitronyl nitroxide has shown a fcrromagnct transition at low tcmperature.' However, thc 
intcrrnolecular magnetic interactions in nitronyl nitroxidc-type frcc radicals, cithcr 
fcrromagnctic or antifcrromagnctic, arc relativcly small due to the strong localization of 
an unpaircd clcctron at nitroxide group,3 which makcs i t  difficult to invcstigntc thc 
relationship bctwecn the molecular arrangement and magnctic propcrtics. 

N' 1;: I R = - H  (1) 
I 

Schcmc I 
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106/[466] T. NAKAMURA ET AL. 

Vcrdazyl-type frcc radicals, first synthcsizcd by Kuhn's group4 arc also known as 
stablc free radicals. The magnetic propcrties of thc solids are studied for various kinds of 
dc r iva t ivc~ .~  Reccntly, Allcnmand et 01, have rcportcd that a vcrdazyl radical having 
nitro groups shows a fcrromagnctic intcrmolecular interaction.6 The unpaired clcctrons 
in verdazyl radicals have a largc population on four nitrogen atoms of thc center ring. 
However, they also have a significant amount of population on thc aromatic substitucnt at 
1- and 5-positions. Namely the dcgrcc of localization of unpaired clcctrons is not so 
largc comparcd with that of nitronyl nitroxidc radicals,' which cnablcs closc spin 
intcractions through the contacts of substitucnt aromatic groups. In this study, we 
examine the structures and magnctic propcrties of three vcrdazyl radicals having 
nitrophcnyl groups at 1- and 5-positions (Scheme I) to clarify the conditions for 
realizing strongcr intermolecular magnctic interactions. 

EXPERIMENTAL 

Vcrdazyl-type radicals were synthcsizcd according to the l i t~raturc .~ X-ray diffraction 
data wcrc collcctcd using a RIGAKU A W  fourcycle diffractomctcr for a crystal of 1 
and an ENRAF-NONIUS CAD4 diffractomctcr for a crystal of 2. Crystal data arc 
shown in Tablc I. Tempcraturc dcpendcncc of magnctic susceptibility was mcasurcd by 
Faraday mcthod using a Kahn elcctric balance and an Oxford supcrconductor magnct.8 

Table I. Summary of Crystal Data. 

compound 1 2 
space group Pna2 1 P21 /c 

a, A 17.316 5)  15.126 (1 ) 
b, A 18.391 7) 12.231 ( 1 )  

c, A 11.901 5 )  11.575(1) 
Sf  de9 105.56 (1 ) 107.667 (4) 
v, A3 3790 (2) 2040.3 (3) 
Z 8 4 
g(ca1c) , g cm-3 1.34 1.294 D
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MAGNETIC PROPERTIES AND CRYSTAL STRUCTURES OF VERDAZYL [467]/107 

RESULTS AND DISCUSSION 

Vcrdazyl 1 
Figure 1 shows the crystal structure of 1. The crystal is composed of head-to-hcad 
radical dimcr. Four radical dimcrs arc aligncd in a unit ccll in such a manncr that each 
dipole momcnt is cancclcd. Figurc 2 shows thc intcrdimcr molecular arrangcmcnts. The 
intcrmolccular short contacts bctwccn thc nitrophcnyl groups arc clcarly sccn in Fig. 2 
comparcd with those hctwccn thc ccntcr ring having a bulky t-butyl group. This suggcsts 
that the magnitudc of the intcrmolccular contact is cnhanccd by introducing polar nitro 
groups. 

FIGURE 1. The crystal structure of verdazyl radical 1. 

FIGURE 2. The interdimer molccular arrangement of 1 
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108/[468] T. NAKAMURA ET AL. 

Figurc 3 shows thc temperature dcpendcncc of magnctic susccptibility of 1. The 
susccptibility incrcascs with a decrease in temperature reaching a maximum at around 
100 K. Below that tcmpcrature the susccptibility dccrcascs with dccrcasing tcmpcraturc 
and again slightly incrcascs at low tcmpcrnturcs duc to thc contribution of thc Curic spins 
at lattice dcfccts. Thcse rcsults strongly suggcst thc relativcly large intcrdimcr 
antifcrromagnctic intcractions. In fact, the obscrvcd tempcraturc dcpcndcncc of 
susccptibility is cxplaincd by the singlet-triplct modcl taking the Curic spins into 
account. Thc solid curve in Fig. 3 is a thcorctical curve, 

with 2J,dk, = 93 K, C = 0.376 cmuKmol-' and Cimp = 0.0037 cmuKmol-'. The 
antifcrromagnctic interaction is the strongest in this radical solid as far as we arc awarc 
for the vcrdazyl-typc frce radicals. 

.... .. ............................... .. .. ..... .. 

0 I i 
0 50 100 150 200 250 

Temperature / K 

FIGURE 3. Tcmpcraturc dcpendencc of susccptibility of 1. The solid curvc is 
the theoretical fit (see text). 

Vcrdazvl 2 
The molecules in the crystal of 2 form a 1-dimensional regular stack along the c axis as 
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MAGNETIC PROPERTIES AND CRYSTAL STRUCTURES OF VERDAZYL [469]/109 

is shown in Fig. 4. Figurc 5 shows a vicw of the unit ccll projcctcd along c axis. In the 
1-dimensional chain, one of the two nitrophcnyl groups of the molcculc has short 
contacts with onc of thc two ncighboring molcculcs, whilc thc othcr nitrophcnyl group is 
locatcd near thc othcr ncighboring molcculc. Molcculcs could not form dimcrs as is sccn 
in crystal of 1 probably due to thc stcric hindrancc of thc mcthyl group introduccd at 
ccntcr ring. 

lb 

FIGURE thc a axis. 

FIGURE 5. A vicw of thc unit ccll projcctcd along the c axis. 
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110/[470] T. NAKAMURA ET AL. 

Figure 6 shows thc tcmpcrature dcpcndcncc of the magnctic susccptibility of 2. 
The insct shows the low-tcmpcraturc portion of the same curve enlargcd in abscissa. 
The susceptibility incrcascs with a dccrcasc in tcmpcraturc down to around 10 K and 
dccrcascs bclow that tempcraturc. Howcvcr, thc susceptibility sccms to havc a finitc 
value at 0 K. Thcsc rcsults indicatc thc wcak antifcrromagnctic intcractions in  thc 1- 
dimcnsional chains in thc crystal. Thc solid curvc in Fig. 5 rcprcscnts a thcorctical curve 
of thc Bonncr-Fishcr model, 

C 1+5.7979916K+16.902653K2+29.376885K3+29.832959K4+ 14.03691 8K5 
xp =? ( 1+2.7979916K+7.0086780K2+8.6538644K3+4.57431 14K4 

whcrc K = J/2k,T with J,@, = 5.6 K and C = 0.376 emuKmol-'. The facts that the 
magnctic susceptibility is explaincd by thc 1 -dimensional antifcrromagnctic chain and 
that thc wcakcr intcrmolccular magnctic intcractions comparcd with that of 1 are in good 
agreement with the molccular arrangcrnent of 2 in the crystal. 

I I I I I 

X 

x" 

20 c ........................... ..............._ 

0 50 100 150 200 250 

"0 5 10 15 20 25 30 

Temperature / K 

Temperature / K 

FIGURE 6. Tcmpcraturc dependcncc of susccptibility of 2. Thc insct shows thc 
low-tcmpcraturc portion of thc same curvc enlargcd in abscissa. The solid curvc 
is the thcorctical fit (see text). 

Vcrdazyl3 
Figure 7 shows thc temperature dependence of thc magnetic susceptibility of 3, the insct 
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MAGNETIC PROPERTIES AND CRYSTAL STRUCTURES OF VERDAZYL [47 1111 11 

indicating thc lincar rclationship bctwccn thc invcrsc susccptibility and tcmperaturc. Thc 
susceptibility obcys the Curic law in the mcasurcd temperature range and thc magnctic 
intcrmolccular intcractions arc vcry small. Thc solid cuwc in Fig.7 reprcscnts thc Curic- 
Wciss law, 

with C = 0.376 cmuKmol-' and 8 = -0.5 K. Thc intcrmolccular magnctic interactions arc 
strongly supprcsscd by introducing a longer alkyl chain at the 6-position. 

0.10 

E 

a, 

0 02 ..... ._........... 

"0 5 10 15 20 25 

Temperature / K 

50 100 150 200 250 
0.00 - 

0 

Temperature / K 

FIGURE 7. Tcmpcraturc dcpcndcncc of susccptibility of 3. Thc insct indicatcs 
the linear rclationship bctwccn the invcrsc susceptibility and temperature. Thc 
solid linc is the thcoretical fit (SCC tcxt). 

CONCLUSION 

The magnetic propertics of vcrdazyl radicals 1 and 2 wcrc cxplaincd by an 
antifcrromagnctic dimcr modcl and a 1-dimensional antifcrromagnctic spin chain, 
respectively. Each magnetic property was in good agrecmcnt with thc molccular 
arrangement in the crystal. These molecular arrangements should be detcrmined by the 
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112/[472] T. NAKAMURA ET AL. 

attractivc forcc bctwccn thc nitrophcnyl groups of ncighboring molcculcs. Intcrmolccular 
distance of 1 is short due to the attractive force of thc nitrophcnyl groups resulting in 
strong antifcrromagnctic intcrmolccular intcractions. Thc interaction is strongly 
supprcsscd by thc introduction of the alkyl group at thc 6-position. 
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