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Purely Organic Magnetism of Pyridyl-Substituted 
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N-[(4-Nitrophenyl)thio]- (la) and N-[(2,4-dichlorophenyl)thio)]-2,6-diphenyl-4-(3-pyri- 
dy1)phenylaminyl (lb), N-[(4-nitrophenyl)thio]- (2a) and N-[(2,4-dichlorophe- 
nyl)thio]-4-phenyl-2,6-di(3-pyridyl)phenylaminyl (2b) were generated by Pb02 oxidation of 
the corresponding precursors and isolated as radical crystals. For l b  X-ray crystallographic 
analysis was performed. The magnetic susceptibility measurements were carried out for the 
isolated radicals using a SQUID magnetometer in the temperature range 1.8 - 300 K. The 
susceptibilities of l a  and 2a were analyzed in terms of a one-dimensional (1D) antiferromag- 
netic (AFM) regular Heisenberg model with exchange interaction of 2 J / k ~ =  -63.4 and -17.8 
K, respectively, and that of l b  was interpreted in terms of a ID AFM alternating Heisenberg 
model with 2 J / k ~  = -12.8 K and a=0.91. On the other hand, that of 2b was explained in 
terms of a ID ferromagnetic regular Heisenberg model with u/kB = 22.4 K. 

Keywords: Stable free radicals; Magnetism: Isolation; X-ray crystallography 

INTRODUCTION 

Since the discovery of the first purcly organic ferromagnct with TC = 0.60 K 
in 1991[11, magnetism of stable free radical crystals has attracted much 
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196 YOZO MIURA et al. 

attention. Since the discovery of the first organic ferromagnet, a variety of 
stable free radical crystals have been investigated, and 18 kinds of organic 
ferromagnets have becn f ~ u n d [ ~ - l ~ ] .  Howcvcr, since frec radicals are 
inhercntly unstable, exampics of isolablc frce radicals arc seriously limitdl ‘‘1, 
and the free radicals whose magnetism has been invcstigated have been almost 
limited to nitroxide and nitronyl nitroxides. Thcrcfore, thc quest of a ncw 
class of stablc frcc radicals is strongly desired for thc further advances in 
chemistry and physics of purely organic magnetism. Standing on this 
background, w e  have made an effort to search for a new class of isolablc 
stable free radicals[151, and it has been found that N-(arylthio)-2,4,h- 
triarylphenylaminyls and their derivatives are isolable stable free rddicds[1h-191. 
Magnctic studies of the thioaminyl radical crystals have shown that four 
radicals crystals couple ferromagnctically with U / k g  = +3.6-+28.0 KlZ0l. 

In the present work five kinds o f  pyridyl-substituted thioaminyl radicals, 
l a , l b ,  2a, 2b , and 3 (see Chart 1) were investigated. Of thc fivc radicals 
investigated, thc former four radicals could be isolated as radical crystals, and 
one of thcm ( lb)  was investigated by X-ray crystallography. The magnetic 
studies for thc isolated radical crystals revealed that, although the magnctic 
interactions of l a ,  l b ,  and 2a wcrc antiferromagnctic (AFM), that of 2b was 
ferromagnetic (FM). Herein wc report isolation, X-ray crystallographic 
analysis, and magnetic characterization of 1 and 2 .  

/ ” \  
Chart 1 

ph{Ar / \  rq+tkAr Ph 

N- 
a. Ar = 4-N02C& 
b. Ar = 2,4-C12C& 

Ar = 2,4-C12C6H~ 
a .  A1 = 4-NOzCsH4 
b. A1 = 2,4-C12C& 

EXPERIMENTAL 

Precursors 4, 5 ,  and 6 were prepared according to Schemes 1, 3,  and 3, and 
isolation of 1 and 2 were performed as follows: a benzene solution of a 
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PURELY ORGANIC MAGNETISM OF THIOAMINYL RADICALS 197 

precursor was trcated with PbO2. After filtration, the benzene was removed 
by freeze-drying, and the residue was crystallized from EtOH or hexanc-ethyl 
acctate to give purc radical crystals. 

Scheme 1 

PbO2 
- 1  

3 P y e N H S A r  Ph (19-25%) 

4 (S9-80%) 

PbO2 - N’ ‘ NHSAr - 3 3 ArSCl 

EtjN 
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198 YOZO MIURA ei ul. 

RESULTS and DISCUSSION 

PreDarat ion of Precursors and Isolation of Rad icals 

Prcparation of precursors 4, 5 ,  and 6 arc shown in Schcmcs I ,  2 ,  and 3 .  
Oxidation of 4 ,  5, and 6 was carricd out in bcnzcnc with PbO2. Whcn 

PbO2 was addcd to a stirred solution of 4, 5, o r  6,  an initially light ycllow 
(4a, 5a) o r  colorless solution (4b, 5b, 6 )  immcdiatcly turned grccn ( l b ,  2a, 
2b), ycllowish grecn ( la) ,  o r  purple (3), and intcnse ESR signals wcrc 
obscrvcd from thc solutions. Although 3 was gradually dccomposcd in 
solution (t1,2 - 8 h at 20 "C), l a ,  lb ,  2a, and 2b avrc  quitc pcrsistcnt and 
could be isolated radical crystals. 

thc 
precursors were treated with PbO2 in bcnzcnc and, aftcr filtration, the solvcnt 
was removed by frcczc-drying. Thc rcsulting dark grccn o r  blue crystallinc 
residuc was crystallized from hcxanc-ethyl acctatc ( la ,  lb,  and 2b) o r  EtOH 
(2a) to givc radical crystals in 19-3896 yiclds. The IR spcctra showed no 
prcsencc of a NH group, and the elemental analyscs agrccd with thc 
calculations. The magnetic susceptibility measurements camcd out with a 

SQUID magnetomctcr showed >93% purity for the isolatcd radicals. 

Isolation of l a ,  l b ,  2a, and 2b wcrc carricd out as follows: 

'C is 
Although la ,  l b ,  and 2b crystallizcd to microcrystals, l b  providcd ii  

sufficiently large single crystal for X-ray crystallography. The molccular and 
crystal structure of l b  arc shown in Figures 1 and 2. 

The X-ray crystallographic rcsults show that thcrc arc hvo conforrncrs in 
the crystals of l b .  One is a syn-form, and thc other is an anti-form. In the 
syn-form thc pyridyl nitrogen and ortho chlorinc atom on thc phcnylthiyl 
bcnzcne ring arc in thc same side with rcspect to the ring A-N-S-ring E n-  
framework of the radical molcculc, and in the anti-form thcy arc in thc oppositc 
sidc to each othcr. The bond lcngths and bond anglcs arc ncarly identical to 
each othcr, but thc torsion anglcs are somcwhat different. 
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PURELY ORGANIC MAGNETISM OF THIOAMINYL RADICALS 199 

Magnetic Characterization for Isolated Radicals 
Thc magnetic properties of la ,  lb ,  2a, and 2b were investigated using 
polycrystalline samples in the temperature range 1.8-300 K on a SQUID 
magnetometer. The diamagnetic components were cstimatcd using Pascal's 
constants. Thc rddical purities of 1 and 2 were detcrmincd to bc 98.5 (la),  
95.0 ( lb ) ,  93.0 (2a), and 09.0% (2b) from the magnetic susccptibility 

FIGURE 1. Molecular structure of l b .  

FIGURE 2. Crystal structure of l b .  
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200 YOZO MIURA et al. 

measurements. 
Figure 3 shows the temperature dependence of XmolT for 2b. Thc 

XmolT value an: nearly constant in the tcmpcrature region above 50 K, and 
bclow this tempcraturc it increases drastically with dccrcasing tcmpcraturc. 
This profile indicates that the intermolecular magnctic interaction is FM, and 
the XmolT vs T plots havc been wcll analyzed using a onc-dimensional ( ID)  
regular Heisenberg model (cq with interchain interaction of 2//kn = 22.4 
K, as shown in Figurc 3 .  

Thc tcmperaturc dependence of Xmol for l b  is shown in Figurc 4. As 

found in the figure, XmnI increases gradually and reaches a maximum at 10 K 
with decrcasing tcmpcrature. Then, it decreases with decreasing tempcraturc. 
This profile indicates that the intcraction betwccn the neighboring spins is 
AFM. Thc xmol vs T plots wcre analyzcd with an altcrnating linear-chain 
model (cq 2, whcrc a is an alternation parameter)[22], and the bcst f i t  with 
the cxpcnmcnt gave U / k B  = -12.8 K and a = 0.9 1. 

As found in Figure 2, the radical molecules an: stacked alternately with 
thc syn and anti-froms along thc crystallographic a axis. Thc SOMO-SOMO 
ovcrlap bctwccn thc neighboring molecules is obscrvcd along this direction, 
and this lcads to antiferromagnetic cxchangc interaction between thc unpaircd 
clectron spins. 

Thc tcmpcrature depcndence of xmol  for l a  an: shown in Figures 5 .  
Xmo] incrcascs gradually and reaches a broad maximum at 40 K with 
dccreasing tcmpcrature. Then, Xmol dccrcascs gradually with decrcasing 
tempcrature, and below 20 K it again increascs. This increase in Xmcil is 

probably duc to thc prcscnce of isolatcd monoradicals which arc randomly 
located in the lattice dcfectsior broken-chain cdgcs. Thc contribution (x) of the 
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PURELY ORGANIC MAGNETISM OF THIOAMINYL RADICALS 20 1 

monomdical impurity (curve b) is estimated to be ca. 3.0% and thc cstimated 
Weiss constant (8) is -2.0 K. The superposition of the theoretical curvc (curvc 
a) drawn by a 1D AFM regular Heiscnbcrg mcxlcl and curvc b based on cq 3, 
where C is the Curie constant, gives CUIVC c. 

The best-fit with the expcrimcnt gave 2J/kH = 4 3 . 4  K (a = 1). A similar 

magnctic behavior was obscrvcd for 2a, and thc best fit with thc cxpcnmcnt 
using a 1D AFM rcgular Heisenbcrg model gavc 2/lkB = -17.8 K. In this 
case paramagnetic impurity was ncarly zero. Thereforc, an incrcasc in xmol in 

thc low tcrnperature region was not obscrvcd. 

Y 
a 
E, 

2 

1.5 

1 

0.5 

0 
0 50 100 150 200 

Temperature / K 

FIGURE 3. xmolT vsT plots for 2b. The solid curve reprcscnts 
theoretical susceptibilitics calculated with a 1D regular 
Heisenbcrg model with 2//k13 = +22.4 K. 
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Y. Miura, S. Kurokawd, M. Nakatsuji, and Y. Teki 

O. O2 F 

'=  R - 0.015 - 
B 
I 0.01 

Oaoo5 i -L 
Temperature / K 

FIGURE 4.  Xmol vs T plots for Ib .  The solid curve represents 
thcorctical susceptibilities calculated with a 1D 
altcmating Hciscnberg model with 3 l k H  = -12.8 K 
and a = 0.9 1. 

0 50 100 150 200 250 300 
Temperature / K 

FIGURE 5 .  Xmol vsT plots for l a .  Solid cuwc a rcprcsents 
thcorctical susceptibilities calculatcd with 1D AFM 
regular Hciscnberg mcdcl with 3 l k ~  = -63.4 K, and 
curve b is calculatcd for 3.0% of a monorddical impurity 
following the Curic-Weiss Law with 8 = -2.0 K. Curvc c 
is a superposition of curvcs a and b. 
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PURELY ORGANIC MAGNETISM OF THIOAMINYL RADICALS 203 

CONCLUSION 

Fivc kinds of pyridyl-substitutcd thioaminyl radicals, la,  lb,  2a, 2b, and 3 
have been generated, and thc former four radicals could be isolated as rddical 
crystals. The X-ray crystdk)grdphic analysis of l b  has been pcrformed and a 
large SOMO-SOMO overlap between the ncighboring radicals was observed. 
The magnetic susceptibility mcasuremcnts for the isolated radicals have showcd 
that, although the intcrmolccular magnetic interactions of l a  (21/kn = -63.4 
K, a = 1 .O), l b  (12.8 K, 0.91), and 2a (-17.8 K, 1 .O) arc antiferromagnetic, 
that of 2b is fcrromagnctic, and analysis of the susceptibility data with a ID 
ferromagnetic regular Hcisenbcrg model gave 2 . l /&~ = +22.4 K. 
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