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The static magnetic suseceptibliities from 1.8%¢ to %66°K and
ESR spectra {rom 1.5%% to %¢0°%% or seversl organic free redi-
cals have been measured on nowder samrles. The broad msxina .
in the susceptibllity whiech indicate antiferromagnetic inter—h
action and tne broadening of ISR =beornbion lines have boen
chzerved. The data are analyced on the basgis of the linear
deizenberyg nodel and shown Go be conslstent with the one-dinen=-
sional mz;mesle chain model of isobropic sxcliange intermction.
Dizcuszions are mde en the grounts of susceptibility, ZER,
and sreciflic hert measureuents. In addition o a short ranie
orderin;; of spins a possibility ol lony rznie ardering is a.s0
discussed in twe ruadicals: BDPA-DBz ond p-Cl-oplfi, on the basis
o? discontvinuities of the slore of suscepbtibilicy, the rapid
broadenins of the E3R linewidth, and disappearance of vhe

Z8R absorntion.



nkroduction

Since the Listory of free radicsl chemistry davecd

1980 when Qombevs jublished his discovery of the first sbtable

radieal, triﬁhenylmethyl%) a number of stable radicals hav
been prepared and investipaied by means of modern technigu
<G is now moszible to Adetect, and even to study, extrenely
stable free radicnls. is it is our purpose 5o e:'anine the

chance interacsion hebuesen unpnrired electrons, the nprasent
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in a suhcktantial concentration. A
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knovn, an asom, muolecule or coiplex which contalns one or mere

unzaired electrons. n the rresent narer we are concered
sively with organic free radicals which have one unneired
on each molecule.

The mazsnevic prorerties of the orgeanic free radicals
attracted muclh interesy in recent years. Althouzh The raci
molecules consviducing, the solld ore quite compllicated, th
so0lid itvself can be simply regarded as an array of olecul
each convaining one uﬁpaired electron in itcs highest fille
orbital. The paramagznetic susceptivility is at first sight

deszcribed by the Curie law: ),_uﬂ A= o( +1})/3%7, which can
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applied to ihe radical solide with ¥ epinsg of 3=1/2, For all

- - 0!" :
raélcals neasured in sose temperatures ranzgs above 777K thi

simnle relation does not hold and the devistion aprarently can

A

be expluined by the Curie-Weiss lzw wivh nepotive welss co

-

stants which ilnply an antiferroxmcgnetic exchange interacticon.



between bthe unraired electrons. Somc of vhe ion rsdical szlts
and charge sSransfer complexes cxhibit she smomalous paramaznc-
tism which can be interrreted in terms of an erchange-courled
pair modal? This anomalous prramasnebizm arisces from scrong
exchange counling between the unpaired electrons on adjacent
moleculesg, each pair forming a lower singlet state wnd an upper
triplet =tabe. As Gtemperature is lowered, the sinzlet level
becomes inereasinsly popul~eted ss exnence of the triplet level
s¢o that the suscerftibility decreazsez. The susceprbibilisy for
sintlet xground state dimers, each having s triplet state lying
av an energy A above this ~round state ig ziven as

A =(8r=375(8+1) /50T [1+/1/3)exp(A /)]t (1)
waere 5=1. In the lon radical salts or charse transier com leres
tre charoed diamsmnevic molecules may be considered to rlay an
important role teo form dimers. Jor gimplificoation we linit
ourselves o the radicals :hich are electrically neutral. The
unprired electron cccuries a- molecular orbital spreading over
a whole molscular framework. dccording to the investipgesticn of
hyrerfine splittings of nidroxide radicals like TiKOL* the un-
palred electron is exclusively localized on H-O bond. “) On the
other hand, BDPFA** has the delocnlized spin denszities, even on

5 ) L‘l‘e

the carhon mcoms 01 biphenylenes studied the masmetic pro-
rervies of two tiynes of radicals in ordar to “now how the erchange
intersction between the unraired electrons woult be affected by the

*2,2, %, b-tetranethyl-4-pineridinol-l-o¥yl

**]1 H-bisdiphenylene-Z-phenyl-ally



delocalization of zn unraired ~lectron. The stable radica.s

studied here arc followino compouncs.

Tig. 1

L]

In many stable neutral vadicals the suseeptibility deviabes
from the Curie-Weiss law nyv low Semperatures snd shows 3z brosd
maximum. Rozantsev et al. have observed tvhe semperadSure depend-—
ence ¢of the inbtensities of ESR spectra of Tai0L and found &
broad maximanm in the intensities near 6OH?) The suscevLibllity
8-3)

wag messured by several investizators and a broad maximus

as 5.5°K was found. They surpiested that such a behavior orf the
paramaitnet is well dercribed by the leisenberg ons-disensicnsal
aodel with ilzobroric anbtiferromrrnetic interactlion. The marmeftic
gusceptibility of BDPA~Bz has been measured =2bove liouid nitvrogen

temperstures by Duffylo)

and in the helium re;lon by Edelsatein
et gl. and by Jake ev al. 11) Hamilvon et al. 2) have used the rroston
Knizht shift te measure Ghe. suscepbtibility and also measured the
specific heat. They obtained the maximun susceptibility av 5.?0£
and explained phenom=zna tentatively. liowever, the accuracy of she—re=s
the measurements and the methods of analysis do not seem sastis-—
facéory-

Organic free radicals have plute-like structure of low
aynaevry and condense inbo a nrystalline solid with & s=x2ll
coordination number, s is scen Jrom X-ray anslysis of sevsral

radi cals 7-15) Therefore, the rzdicels m:y Jors marnetic chaln



or plane diflferent from three-dimensionally interzceting srin
system. Since the distance between chains or piznes is grssumed
much preater than the distance between nearest molecules in

the chein or plane, the exchanze coupling between nearest-neigh-
bor electrons in different chains or jplenes is much weaker

than that between nearest neighbor electrons in the same chain

or plane. The orbital occupied by %the unpaired electrons is

Epz W-orvital whiech has a uniaxial enzular dependence. Iiarefore,
we conjecuure thab ormanic Ifree radicals is likely So Zorm
"magnev.e chain® rather fthan "magnecic plane™.

Zrom the theoretical point of view, the one-dimeénsional
model of arin interaction is of conciderable interest sinece iv
admits of an exact solution under certain simplifications which
may actually be peossible in some cases. The magnesic behavicrs
have several fesatures different from thoge of the usual three-
dimensional spin systems.

The susceptiblility and ESR measurenmentcs of seversl neutral
stable radicale using a magnetic torsion balsnce and an =3R
spectrometer st low temperaitures were cerried cut in order to
examine fthe exchanse inberaction and srin correlation in orzsnic
free radicals and to compare the observed values with the theo-
retically calculated ones. A niore quantitative intervrestaticns of
the magnetic behaviors will be made together with fthe data

rublished previously.
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Exnerimental

The radicals TANOL sand its derivajsives were prepared through
the oxidation of the corresronding amine of 4-substituted
2,2,%,5-tetramethylpiperidine following the same process as
that of Honantsev'}gJ They were purified a few times SThrough
recrystallizine from ethereal aleohol. The details of the s/n-
thesis have been published elsewhere}?) The =zamrles of z3DPL and
its derivatives were prepared according to the rrocedures of

13) and of Kuhn and Heuﬁehauer§) LEfter recrvstallizeticon

Koelsh
Irom benzene~bensine solution melting points agreed well with
the values in the libteratures. Elementary analysis of carbon,
hydrogen and nitropgen of each sample corresvonded closely <o

the calculated values. As Teported by Xuhn et al., vhe radical
solid BLPA complexes readily with solvent molecules such as be-
zene and acefone. BDPA with 1 mele benzene will be, heresfter,
aborevisnted ng ZLFA-Bz and DDA containing no benzene moalecule
as S5DFA. BDiPA-Bz was heated in vacuo at about 90°C for several
houps and then BIDFA was obtained. BDIA whose data mave been pub-
lished »reviocusly will he suspecited To contnin 1 wole crystal
benzene.

The suscentibility measurements were dona by the magnetic
torsion bhalnnee described elsewherelg) on the powder gszwmrles of
abvout 100-50 m3 In field of B.3 HO0e. ~he measureaents on all
samples were carried out in the cempoerature rerlon attsidabie oy
punpins on liguid helium. The lerromagnetlic impurities weré not

found on all samnles by checking the Zield dependence of macneti-

zation up to 12 KQe at A.EOK. Temreratures were measured wiitn &



carbon resister and an AuCo-Cu thermocouple calibrated by mea-
surinig the mepnetic susceptibility of manganese lTutton salt and
varor pressures of liquid helium, liguid hydropen and liquid atbéroze
nitregen, respectively.

ESR absorption spectra were observed between 1.5°% and
?77°K using JES-S10E type X-band spectrometer with an E0 Hz
field modulation. The cavity with TElDQ node was ilmmersed in a
liguid helium bath. Temperatures were measured with a carbon
resister and an AuCo-Cu thermocouple atiached bo the cavity
wzll. An aqueous solution of peroxylamine disulfonate was used
8s a stendard for the egtvimation of g-value at room temperavure.
++

Hagnetic field was calibrated from a hyperfine spliviing cf kn

in Hg0.

Hesults

Suscepbibility. The dafa have been corrected for diamagnetism
uging rPascal's constants?o) The calculated dianametic contri-
bution is listed in Table 1. The absolute molar susceptibility,
;EM‘ correcied for Adlsmmznclilsm, was compored with various
thepretical caleulrtions. All radicals discussed here obey

the Curie-Weiss law with a nemative Weics conctant, @ , in

a reletively high terperature region. The radical corcentration

of each sample determined from the suzcentinilisvy wss found out

t0 be nearly 100 ¥ within the 1imit of the experimental accuracy.



At lower cemperniures bhe molar suscenbtinility, howsver, devisties
from the Curie-Jelss low nnd resclies o Droad miximum at the
teanparaiure, Tm' 'fhe values © Tm’ and ?ﬁmﬂx(a nAaximut sus;
captibility nt Tm) of eoch srnprle are summarized in Table 1.

{n decreasing Gthe teupersture furihsr, the susceptibillity
decreases comparatbively slowly towards a finite susceptibliiiy

at 7=0%¢, k& Tae values A-_o in Table 1 are roushly estimated

=0
by extranclation of ?5H~T curve. Figs. 2-4 show molar suscepti-
bilities of the radicals.

ESR. ESR measurements were carried out in woudeir samples.

The pg-values were practicoally isotroric and close toc She fre=z
¢lectron pg~-Ifector in 411 radicals, which Is used in "2 tlheo-
retical caleculation of susceptibillity. ISE absorpltion srectrun

in each samnle shows a cingle line which has an exchange-parrowed
Lorentz shave. '‘he linewidth, which was taken ¢ be the peall-to-
rgak linewidth of the first derivative of the absorséion srecirum,
starved to .ncrease raplidly as Tthe temrerature wos decressed

below Tm where whe suscepvibilivy went thiodoush & broad maximum,.
The ZSR lines of the radlcals except p-cl-bDPA* can be ghserved
above the vemperabure 1.8%°% but the ESR line of p=-Cl-pDPa

bkroadens out and disesrmears as the temperature approzches Lo 2.&8%
from hisher temperatures. Figﬁ 5-7 show the temperature dependence
of the linewidths of the radicals.

—t e —

*1,3%-bisdiphenylene-2-p~chlororhenyl-allyl



Discussion
Suscertibility. It wmuy be conjectured that the neutrzl organic
iree prndiesls unlike lon radical salts have little tendency
to form dimers. This fact is conflrmed by comparison of the
exnerimentally obbtained surcceptibility with that of the dimer
model descrived by Eq. (1). If one would enumerate the energy
separation between singlet and triplet states, A , of Eq. (1)
from a Jollowing relation,

A/k=1.60T , (2)
Eq. (1) will reproduce qualitatively the experimental results of
suscentibility hut the magnitude of paramagnetic susceptibility
differs from the observed. The theory predicts much larger value,
):max’ at T than the observed one and besides a deviation of

susceptibility becomes larger as decreasing the temperasure below

Tm. For instance, X in TARQOL is equal to 226x10™% emu/mol in

nax
contrast to She ftheoretical jxmax 298x10"4 enu/mel calculated
froa Egs. (1) and (2) using Tm=6.5°K. Therefore, it may be safely
said that a nairinsg of electron spins in the radicals or a
%imarization of moleculcs does noc oceour.

Edelstein has cmployed successiully the linear Ising model
for the qua;}ative inverprevation of the suscentibilities of
3DPA-Bz and PAC?I} Ising models are theories tresting spatialily

localized s;ins besween which the exchange coupling is represented

as -EJSlZS Although Stout and Chisholm have treated

the smalil inbernctions between Ising chains in CuCl, by

-
introducing a moleculsr field?g} crganic free radicals have

R
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never been observed to have so large anisotropic character. In
Yact all of organic free radicals have nearly isctropic g-values,
so th~§ the linear Ising model does not explain our results
quantitrtively. Therefore, we presume that it is not adequate to
discuss the wmsgnetic properties of orzanic free radicslis on the
bazis ol Ising models. !
Soos et al. have analysed the temperature dependence. of
the maxnstic susceptibility by treating the system as an alter-—
nating one~-dimensional chain of Heisenberg spinse>’ the Hamil-
tonian is #iven by
= % iJ(l+d)SZi_lSEi+J{1—d.)SEiSEi+l b, (%)
“where J(l+d) and J(1-¢) are the exchange constants between
neighborin;; spins and 4 is a parameter that represents a degree
of alternation. The theorebtical suscertibility results do not
agree unfortunately with the more exact treatments for limiting
casez of d=1 and glo. Recently Duffy et al. obteined the exact
gizenvaine spectrum and shermodynamic properties of She same
gkwdltoninn g Bo, (%) and made comparicson with experiments?qj
They [itted suscepbtibiliyy data with success in ion radical
salts, charge transfer comzlexes and only PAC and doubly nitrat-
ed DFPH amon:: neutral radicals. When &40, that is, an inter- it
nediave alternation, there is an excited state with an energy
zap fron the ground ssate at 7=0°K so that susceptibility
decreases exponentially as T-»0°K. These éﬁem&s fail ftio exnlain
a Tinite suscepvibility at T=0°K unless d=0.

Previcus vo these works, thecretical caleulations of the

thermodynasmnic properties of one-dimensional long chains with
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isotropic and anisotropic interactlions have been done by Griifiths
and donner snd 13"J.uher. 6) The corresponding spin Jamiltonian is
riven hy
e Z i_JSizsi+lF.. r(Sle“_ x” J.y J.+ly)} ()

which reduces to the Isinz case when r=0 and che Heisenberg
caae wien ral. 3Zonner and Fisher alsc estimated the behaviors
ol suscertibility and smecific heat for N—yoe . The susceptibility
for pure antiferromacnetic Heisenbery chain displays a round
maximum and correspondinem specific hest exhibits the snomzly of
Schottky type. One of the crystalline sclids which clearly exhibit
antiferromrgnetic linear chain behaviors is Cu(NHa)QSO#.HEO,
whose marmetic quantities can be explained gualitatively and
also nueebitatively in terms of this model since each Cu'™ ion
couples within a -0-Cu-0-0u-0~ chain nnd interaction betwesen
chains are nphllgible.?)

Orzanic frze radicals have a plate-iike gtructure of low
synmetry with a small coordination number. Thus the radicals
may be cxpected to form msnetic chalns as is already deseribed
HAn the incvroduction. Therefore, it is reasonsble to annlyse and
-discuss the results using the tTheory of one-dimensional Heisenberg
model bhased on Bonner and Fisher's calculations, which will be
briefly summarized in the case of isotropic Heisenberg interaction
with r=l1 and N=3e¢ in 2q. (4). The susceptibility displays a "
rounded maximum of height

| X _on/ (B78°/131)=0.07345 (5)

at kT /1 Jl=1.282. (&)

25
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e corresponding srecific heat shows a Schottky type anomaly
asgociaied with the broad susceptibility maximum and goes through
vhe maximun of height
Cpux/ NE=0. 350 (?)

at kT, /1 I1=0.952. (8)
It is worth remarking that ;{M can approach a finite nonzerc
value j%T-D at T=0%X as there is no energy gap between the
ground state and the first excilted statea when r=1 and N - oo.
x‘I’ is given by the following relation with the parameter J,

?\fT:O/(gEBE/IJI}-o.osoas. (3)

One can obtain the parameter J in Eg. (4) from several relations

o~
=

(53, (&), (8} and (9). Assuming the value J from the experiment-
ally obtained T with use of the relation (&), we evaluate the

values '/‘.M, '/tmax’

eveluation of J. On the other hand, ratios A /A . o and T_/T

and x"‘zO’ which are dependent on a msnner of
A

are indenendet of The parameter J and equal to 1l.45 and 1.33,
respectively.

LANCL system: The temperature dependence of the magnetic suscep-
tibilities of TAWOL and TADIN* have been reported by several
inves...igators?'_gj’eaj In the case of TANOL the exchange parameter
Was chbtained as lJl/k:S.OOK, which agrees well with the one I‘Eem
the relation B =2zJ3(5+1)/3k with = nearest neighber paranetern
£=2, S5=1/2 and Weiss constant © =—6.0K. xmax’ 218x10~%
emu/mol, shus obtained from Eg. (5) is in good agreement with the

*2,0,m,A~tesramethylpiperidine~l-oxyl
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exrerimental value, 9 :226xlc-4emu/mol. 2%%0 was then evalu-
aged to be lEOxlb-qemu/mol by extrapolation, while the same
value is also expecbed [rom =2g. (9). The Helsenberg linear chain
for Nt and r=1 nredicts the theoretical ratio of A, . /Ao .
/ P gy is

equal to 1.5 (Iable 1), which is quite Well in sccord with the

=led45. On the other hand, the observed ratio, ;Emax
theory. It may be saia, therefore, that spins in PANCL iInterasct
one-dimensionselly with each other and the interaction is isotro-
rie in the sense of Heisenberg exchange interaction. A precise
defermination of the crystallographic structure of TANOL is mono-
clinic: a=7.052+0.01LC i, b=14.081+0.018 i, ¢=5.730+0.010 ﬂ, and
5=118°4&'110'. The molecules are aggregatied by the hydrogen bongd
and form chains parallel to a-a:cis'!‘“'} However, it ig difficult to
conclude whether the direction of linear exchange interaction

is along the direction of hydrogen bonding or alcng c-axis

where the lattice comstant 1s the shortest. We engsge in clarifying
this peinté in question.

g The susceptibility of TADIN shows a broad maximum atb Tm=
é.ﬁcK, after which‘xiqdecreases slowly towards constant suscep-
tibility. J/k=-1.3°K, which is obtained by following the same
rrocedure mentioned above, revroduces well the experimental
susceptibility %M, X oy and Ko . The ratio X ./ ;{;Ieoal}:}:
ig 3lso in Jood accord with the theory. Therefore, TADIN is ’

considered 5o be one of the one-dimensional Heisenberg sntiferro-

mazne bs.



—1li=

e Buscepbibillities of TANQL derivaetives (R=methyl, ethyl,
Thenyl, nnd cyclohexyl\in Fig. 1 exhibit no broad maxime in the
temperabure randge a&s low as 1.2%K but deviate 2lishtly from the
Curie-lieiss law below 4°K. The Welss constants were [ound
to e about 0°K (methyl and ethyl derivatives), -1°% (phenyl
derivative), and -2.5°K (cvelohexyl derivative). The bulkier
gubstituens the radieal has, the larger Lae Welss constant becomesg,
nrut the exchanpge interaction are less than l.BOK. The fact
that TANOL hag such a large exchange interaction as compared
with those of TANOL derivatives may be ascribed to either the
difference on lattice distance of the crystal axis aslong which
tlie masnetic chains are formed or che difference in the strength
of the hydrogen bond which wasg-found out by infrared absorpbion
srectrs in nujol. The details of this ascription will be publiched
elsewhere?gﬁ
BDPA system: The molar susceptibility of 5DPA-Bz, shown in Fig. 3%,

exhitits a broad maximum at Tm=5.6°K; x and ?t*uo are obtained

max
to be 199 snd l50x10_¢emu/mol, respectively- Considering A

mex/
;{T=D=l.5 and the temperabure dependence of the susceptibility
av especinlily low temperature region, the data are aigo well
exrlained in terms of the Hamiltonian (N-> o0 and r=1) described
above. Then we obtain J/k:—u.AoK. If one excludes benzene uoled
cules frown 1DPA-Bz by heating, the exchanze inveraction beconmes
larger from -4.4°K to -8.5°K. Mhis radical, #DPi, also shows

suscepsibility decresing towards a rinite suscertibility a¢

7=0K after Tm=10.90K. But rstio ;{max/}I§‘O-1.7 is larger
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than she Lheorevical one, since jiﬂ&xwl53xlc_4emu/mol iz & little

130x10 Yemu/mol. Thus BDPA '+

3
i

hWas aloo she one-dimensiconsl Heisenbverg interaction like sDPA-dz.

ierzer thsr the theoretical ?(ma:f
Mis fact is understood by assuming that Uhe removal of benzene
nolecules does not affect the spin structure in =DPA-pz but causes
she stronmer exchanze interaction.

The data of p-~Ql~3DPA are similar to those ol pDPA-3z as
suo~n in Flg. 4 and suamarized in Table 1. Therefore, the aaznetic
rroperiies of p=-Cl-3DPA are similar to those of BDPA-Bz.
lowever, a discontinuliiy in the slope of susceptibility was
found at about 2.8°K, after which the susceptibility rises again.
This rising in.vhe susceptibility have also beean found in the
neishborhood of 1.7°K in BDPA-Bzll) Such a discontinuity in
p=Cl-5DPA indlcates that there may be a phase transition into
an anéiferromagnetic state. This will be discussed together with
vhe dasa of ESR messurement at a later part of the discussion.

in the magnetic properties of BDPA-Bz and p-Cl-BDPA there
éis a slighbt buv significant difference between experiment and
theory, that is’.ﬂimax is lower than the theoretically predicted
one. At first sight, the radical concentratlon seems to becoae
lower as lowerin:y the temparature. AL Tm an assumed concentr&&?on
decreases to 30 % in both radicals. However, this is not due
to a poor radical concentration as one can understand from the
facts that 1) if the radical has low-concentration,'the amount
of the deviation of cuscepsibility is constant in all tempera-
ture, 2) the radical concentrations of BDFA-Bz and p-Cl-3DP4

are equasl %o abous 100 % if we estimate from the susceptibility
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above 77°K, %) BDPA after heat treatment of BDPA-Bz has abous
100 % radical concentration in all tewreravure rangses. Althouzh
this effect 1s not completely accountable at present, it way be
associaved with the electronic propertieé of allyl radicalsz

z
which hehnve as semiconductorsfo) as rointed out by Feddsrs .

and Kommandeur?l)
LSHE. A distinct character of lipear marnetlic chains is the deve-
lorment of short ranze magnelilc ordering without a.definite
ftransivion bo long range orderimngz at low Cemperature. The short
ronze magnetic ordering develored remarkably near Tm can be
ocbserved in She. increase of ESR linewidth below Tm' The data are
" illustrated in Figs. 5-7. The linewidth of each sample increases
with lowering: the temrerafbure below Tm' Recently, temperature

dependence of exchange narrowed ESR linewldth cf linear anti-

Terromnagnetic chains with the anisctropic exchange coupling was

2
Sy
L

calculaved by Kawasaki, using double-time Green functicn method
She found a following relation,

AL/ AT pemar /4 - (10)
#in the vicinity of 0°K where AH, is the linewidth at infinite
tenperature and A is a constant. The observed linewidth versus
temrer:ture below ?7°K caun be fitted te a Fallowing enpirical
relavion, at.

5 Hmaexp(BT /) (11)
where « and B are constant and o may infer A4 Hy,. The values

o and 3 of each sample are sammarized in Table Z. We cannot f£ig -

the data with the relation (10) in a wide temperature region, even



-17-

when 5he other exponente are spplied. The broadening ol tle
Tesonance moy be 2ttributed to an increase in the correlation

time of the exchange motion because of megnetic ordering helow
the temperabure of the susceptibility maximum. This pronocunced

increase in lirewidth of paramagnetic resonance provides an
additional support for the present interpretation mede from the
suscepvibility data.
. In p~Cl~BDPA the relation (11) holds abcve 4QK, Invensitvies
of ESR spectra decrease immediately below 4°K and simultaneously
ESR linewidshs broaden out. The disappearance and broadening of
the lines may be atoributed fto the coupling between neizhboring
chaing, which induces a spontaneous magnetization. This phenome-
non may infer the onset of long range ordering, as it may be
considered that the subseguent rapid increase of linewidth is
due to the critical fluctuation of electron spins in the neizh-
borhood of the transition temperature.

In the case of BDPA-Bz the ESR signsl is so feeble +that
we cannot also observe an absorption at about 1.6%K. This fact
£s probably relased with the specific heat anomaly =& 1.78°K}2}
Specilic heat. According bto the specilic heab measurements of

12) Schottky type anamalies associated with

PANOL®?/) and BDPA-Bz,
the broad maximum susceptibility have been obftained av 49K and
39K, respectively. The anomalies are predicted by the one-dimen-
sionzl Heisenberg model. The maximum specific heat in TANOL is
nearly what is expected by Heisenberg chains rather than Ising

chains although in 2DPA-Bz it is much smaller. The discrepancy

in magnitude might be explained by assuming some type of elect-
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ronic band atructure?l) The ratio of T %o Tmc ig unconnected
with the exchange integral J and equal to 1.3 for Heisenberg
chains #nd 2.4 for Isinz chains. The observed Tm/Tmc=l.6(T&HOL)
and 1.7{3DPA-Bz) deviate a little from the theoretically pre-
dicted one. The apreement with the theory is not so bad if one
vakes into account of the accuracy of Tmc' Thus, Ghe results of
specific hea{ measurements of TANOL and bBDPA-Bz are not conbra-
dictory Lo the interpretation from the suscepiibillity measure-
ments.,
Other radicals. The magnetic properties of cther radicals are
briefly discussed below.

in porphyrexide the magnetic properties can be explained
by the iIsing model rather than the linesr Ielsenberg model?qj
Zt is probably because the radical has a very small amcuntv of
anisovrovy, which reduces the Helsenberg type magnetic vroperties
to the Ising type ones. The effect of this anisovropy was found
35)

in the temperature depeéndence of ESR linewidtld

Te suscertibility data of DANO{di-p-anisyl-nitroxide)
128)

4

were shown by Duffy et a to be consistent with the nearess

neizlibor antiferromagnetic Heisenberg exchange of a guadratic

layer latiice bhecause the radical is a magnetically layered
at.
cryvstal, ag infered from the X-ray crystallozraphic study of

Ei's::rus-::n%’-\J But as zhown in Table 1, itmax/;LT=0 and Tm/Tmc

(Tnc=50K) are a comnletely zcod agreement with the linear Heisen-

berg mocel. This radicalpresumably has an one-dimensional

interaction owings to the possibiiity for the radical to form
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a mameblc chain instead of a mrghetic nuadratic layer- This
may be understandable from taking into accounié that the molecu-
lar orbitals of the unpaired slectrons have uniaxial angular
dependence.

Exchange intersction mechenism. The exchange interaction origi-
nabeé?rom an overlap of the wave Iunctions of tThe unpaired
electrons. In compounds of transition ions, d-orbitals spread
spaiially towards a few @irz=¢tions s¢o that magnetic planes c¢an
be formed. On the other hand, in organic f?ee radiecsls the wave
Tunctiens are described by o “Jf-orbitals which have uniaxial
anrular denendence. The exchange mechanism way be such thab

the interaction between unpaired elecirons tvakes place throu:h
the overlsr of the TJC~orbitals as shown in Fig. 8. Therefore,

it may be understood thet the neutral organic free radicals are
one~dinmensional antiferreomasnets.

Possible exirtence of long range ordering. it 1s well known
Irom the theoretical point of view57) that the isclated mognetic
linear chains have not any nmagnetic phase trensition but the
grond maxiinum suscertibility and that under the exisbtence of

the small intveraction beltween chains there occurs the nmagnebic #
transition from the short range ordered state to The long range
ordered state in the lower temnerature region. A shurp coo;erﬁﬁ
tive transition in organic free radicals have never been observed,
althouzh rhase transitions associated with crystel deformation
were found?aj There iz a possibility for neutral organic free
radicals to .zo into a lon; range ordered stave since the inter-

action hetween chains cannot aslways be neglected. The data
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0L 3hPa-Pz nnd p=-Cl-KDPA are considered $¢o imnly long range
ovder ab N&el tenperniures 1.78°K and 2.3°K, respectively,
because of 1) the discontinuities of 4 X,/d7 found st 1.7°K in

11) and 2.8°K in ~-C1-BDPA, 2) the rapid broadening and

sDri-5x
disanrearance of ESR absorption lines, and 3) the specific heat
ancﬁaly at 1.73%% in BDPA—BZ%EJ The long range order in other

radicals would be found if the experiments at lower temperatures

wera performed.

Conclusion
The magnetic properties of neutral organic free radicals

were discussed gqualitatively and quantitatively on the basis

of the linear Heisenberz model from the followings: 1) qualitative
behavior of Xy, 2) A at T, 3) finite Xy o, 4) X _ /A, o,
5) Schoittky type anomaly of specific heat, &) T/ Ther and 7) ESR
linewidth. Although the intverpretations may be tenbative, except
he csses of TANGL and BDPA-Bz, for lack of data from crystal
sgructure and/cr specific heat measurements, the data of magnetic
suscertibility, ESR linewidth, and specific heat are consisygent
with the linear MHeisenberg antiferromagnetic exchange model in
neutral organiec free radicals. In comparison with a strong at.
exchienge interaction in a chain, the magnetic interaction vers-
ween the chzing is egstimated to be very weak and so the neutral
orzanic frece radicals may be considered as ons of the suitable

crystals for studyirg the short range order seffect of the magnetic

transition process.
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4Magnetic molnr susceptibility of p-Cl-BEDZA.

8+ PLinewldths of TANOL ( * ) and TADIN ( @),

Fig. 6Linewidths of BDfA-Bz and BDPA.

Fi5. 71 newidth of p-Cl-EDPA.
Flg. BPresumed exchange interaction mechanism between the
untaired electrons localized on N-O bonds ( 4 ) and
between the delocalized unraired electrons ( B ). at.

—— : radical molecule, << : I electron cloud.



Table 1, Resulte ‘rom susceptibility measuremants.

X A

g Twm

(6 0ml) K} (K)

TANGCL
TADIN

eyclohexyl
TANCL

SDPA-Bz
BDFA
p-C1-BDEA

DAﬁORef.EB)

-1.1
"'l-l

-1.8

-%.2
""2-6
"'2-8

~1.4

1L

-6 6.5
-1 2.3
-2.5 (1.5)
-8 5.6
-8 10.9
-5 5.6
-Z2.48 4

199
15%
196
287

180+10
500+50

150+10
90+10

150410

200

1.3

1.3
1.7
1.3
1.4



Table 2, Parameters of temperabure dependent

linewidth: H=aexp(BTm/T).

T a 3

(C°KY (Gramas)
TANOL 6.5 Sl 0,20
TADIN 2.3 8.2 0. 43
SDPA-Bz 5.6 2.8 Q.28
SDPA 10.9 3.5 Q.49

p-Cl-BDPA 5.6 1.6 0.51
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