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The EPR spectra of the TEMPOP triradical and the TEMPOS tetraradical in solution showed seven and nine
absorption lines respectively, which were interpreted as the hyperfine interaction between unpaired electron
and N nuclei in the case of | Ji,| > 4. The paramagnetic susceptibilities of TEMPOP and TEMPOS were
measured. In the case of TEMPOP, no typical short-range ordering effect was found, but the 1/Xy— T curve
deviated from the Curie-Weiss law at very low temperatures. In the case of TEMPOS, the 1/Xy— T curve was
divided into four regions. In the first and third regions, the 1/Xy— T curves both obey the Curie-Weiss law.
The second region is the intermediate region between the first and third regions. In the last region, 1/Xy—T
shows a slight deviation from the Curie-Weiss law of the third region. In order to explain this behavior, some spin-
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cluster models with three and four spins were applied.

Recently, the magnetic properties of many organic
stable free radicals have been investigated very ac-
tively.1=% It has been reported that many of these
organic radicals exhibit some effects of the coupling
of magnetic spins—{or example, spin cluster or low-
dimensional spin array—caused by an exchange inter-
action between unpaired electrons.

Among these, the iminoxyl radicals are the most
interesting group, since they are very stable and many
derivatives can be synthesized.%?)

Karimov and Rozantsev reported the EPR studies of
some solid stable iminoxyl radicals and interpreted
them in terms of the effect of the exchange interaction
between unpaired electrons belonging to different
radicals.®” Yamauchi et 4al5® and Karimov®:49)
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independently measured the paramagnetic suscepti-
bility of 2,2,6,6-tetramethyl-4-hydroxypiperidine-1-
oxyl (TANOL radical, Fig. la), characterized as a
one-dimensional Heisenberg linear chain.

On the other hand, the present authors had an in-
terest in the polyradicals of the iminoxyl group as spin
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Fig. 1. Molecular structures of TANOL radical (a) and
TEMPAD biradical (b).

b TEMPOS

Fig. 2. Molecular structures of TEMPOP triradical (a) and
TEMPOS tetraradical (b).
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clusters. In a previous work, we reported the para-
magnetic  susceptibility of bis(2,2,6,6-tetramethyl-
piperidine-4)azine-1,1’-dioxyl (TEMPAD biradical,
Fig. 1b) and explained it as a pairing caused by an
intra-molecular exchange interaction,® but recent
study has made it clear that the inter-molecular inter-
action is only the origin of the short-range ordering in
the TEMPAD biradical.®)

In this paper, we shall report the magnetic prop-
erties of two polyradicals, tris(2,2,6,6-tetramethyl-
piperidine-1-oxyl-4)phosphate (the TEMPOP tri-
radical, Fig. 2a) and the tetrakis(2,2,6,6-tetramethyl-
piperidine-1-oxyl-4)silicate  (the TEMPOS tetra-
radical, Fig. 2b), and will discuss them on the basis
of some spin-cluster models.

Experimental

The TEMPOP triradical was prepared from the TANOL
radical obtained by the oxidation of the corresponding amine
by hydrogen peroxide, following the method of Neiman
et al.” The TEMPOS tetraradical was also prepared from
the same monoradical by the method of Rozantsev and
Gulobev.'® After purification by chromatography and
recrystallization, the pure TEMPOP and TEMPOS (mps
143.54+0.5 and 160+1°C respectively) were obtained.

The electron paramagnetic resonance absorptions were
measured using two 100 kHz modulated X-band spectro-
meters, JEOLCO’s JES-3BX and JES-P-10.

The static magnetic susceptibility was measured with about
50—100 mg powder samples over the temperature range of
1.8—273°K and at a magnetic field strength of about 8—9
kOe, using a torsion balance described elsewhere.l  All
the data were corrected for the diamagnetic contribution
calculated by the Pascal method (—3.57x 10~%emu/mol
for the TEMPOP triradical and —4.82x 10~ emu/mol for
the TEMPOS tetraradical).

Results and Discussion

TEMPOP Triradical. The EPR spectrum of
the TEMPOP triradical in a tetrahydrofuran (THF)
solution shows seven lines, all caused by the hyperfine
interaction between three unpaired electrons and three
1N nuclei, the splitting of which is 5.18 gauss and the

g-value of which is 2.0060 (Fig. 3).)» The spin
Hamiltonian of this system is:
F = —gPH-(8,+8,+8;)
3
+ AZ}’{'Si + Jln(Z)Si'Sis 1)
i= iJ

where A4 is the hyperfine interaction parameter and
where [, is the intra-molecular exchange interaction.
When | J,|>4, the theoretical spectrum shows seven
lines with an intensity ratio of 1:3:6:7:6:3:1.
The experimental spectrum does not correspond ac-
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Fig. 3. The EPR spectrum of TEMPOP triradical in THF
solution.

curately to this extreme case. We must pay attention
to the fact that the line-widths of the inner three lines
are fairly broad even in a very dilute solution. One
may be able to explain them in terms of the dipole-
dipole interaction between three unpaired electrons
and/or some effects caused by the exchange interaction,
which is not very large compared with the hyperfine
interaction.® Taking account of this explanation,
one can conclude that A<|JI<ET.

The inverse paramagnetic susceptibility of the pow-
der TEMPOP triradical versus the temperature is
shown in Fig. 4. The curve obeys the Curie-Weiss
law except in the very low temperature region. The
Clurie constant, the effective Bohr magneton, and the
Weiss constant, corresponding to a molecule with three
unpaired electrons, are listed in Table 1. The devi-
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Fig. 4. The inverse paramagnetic susceptibility of powdered
TEMPOP triradical versus temperature (truncated for
clarity showing susceptibity between 1.8 and 77°K). The
solid curve is that of the spin cluster with three spins of
Eq. (8) as J=-2.7°K.

13) A. Hudson and G. R. Luckhurst, Molecular Phys., 13, 409
(1967).
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TaBLE 1. SOME MAGNETIC CONSTANTS OF TEMPOP
TRIRADICAL AT THE HIGH TEMPERATURE RANGE
COMPARED WITH THE CALCULATED VALUES OF

THREE SPINS WITH S$=1/2 aAnD g=2.00

Constant Experimental Calculation
C ‘ 1.14 1.141
MHott 3.01 3.000
7] —3.5°K —_
C: the Curie constant
Herr ¢ the effective Bohr magneton
0: the Weiss constant

ation from the Curie-Weiss law in the very low tem-
perature region probably suggests a short range order-
ing effect caused by the exchange interaction be-
tween spins belonging to different molecules.

The spin-cluster Hamiltonian with three spins, in-
volving the exchange and Zeeman terms, is given by:

H = —2(J1281-8a+ J25S5- S5+ S 8))
— gBH - (8,+ 5,4+ S;) )
with the following eigen values:

a. Quartet State:

Ep = —(JietJastJa)/2 — gfHm

(m =3/2, 1/2, —1/2, —3/2)
b.  Doublet State:
Eys = (Jrot+ JostJa) — gfHm
= [2{(Jiz—Jes)? + (Jes—Js1)? + (Js1—J12) 2
(m =1/2, —1/2)

The paramagnetic susceptibility is given from the
Van Vleck formula,?® and when [Jo=J;3=J5=]
(negative), the theoretical susceptibility is given by:

|1 X/ N(gB)* = (x/4)(5+€3%)/(1+e%*)
(x = |JI/RT). &)
This curve is shown in Fig. 4 as J=-—2.7°K.

As for the TEMPOP triradical one can conclude
from Fig. 4 that the exchange interaction appearing
in the static susceptibility is fairly weak compared
with kT, and no typical short-range ordering effect
can be found.

TEMPOS Tetraradical. The EPR spectrum of
the TEMPOS tetraradical in the THF solution shows
nine lines, all of them caused by the hyperfine interac-
tion between four unpaired electrons and four N
nuclei, the splitting of which is 3.94 gauss and the g-
value of which is 2.0058 (Fig. 5).12 The spin Hamil-
tonian of this system is:

4 4
F = —gﬂH{Zl S, + A%’t'si + Jjn(Z)St'Sj 4)
i= i= i,

When | J,,1> 4, gBH, the theoretical spectrum shows
nine lines with the intensity ratio of 1:4:10:14 :
19:14:10:4 :1; the experimental results just agree.

The inverse paramagnetic susceptibility of the pow-
der TEMPOS tetraradical versus the temperature is

14) K. Kambe, J. Phys. Soc. Japan, 5, 48 (1949); J. H. Van
Vleck, “The Theory of Electric and Magnetic Susceptibilities,”
Oxford (1932).

Akira NakajmMa, Hiroaki Onva-Nisaicuchl, and Yasuo DEeGucHI

[Vol. 44, No. 8

3.94 Oe

Fig. 5. The EPR spectrum of TEMPOS tetraradical in
THF solution.
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Fig. 6. Inverse paramagnetic susceptibility of TEMPOS
tetraradical wversus temperature (truncated for clarity

showing susceptibility between 1.8 and 77°K).

TABLE 2. SOME MAGNETIC cONsTANTS oF TEMPOS
TETRARADICAL
¢ Hett 0

Experimental

Region I 1.55 3.52 —-3.5°K

Region III 0.98 2.80 —16°K
Calculation

Siotar =1 1.01 2.83 —

Four spins .

with §=1/2 1.51 3.46

shown in Fig. 6. It is appropriate to divide the curve
into four regions (Region I: above 25°K, II: from
15 to 25°K, III: from 5 to 15°K, and IV:
below 5°K). In the I and III regions, the 1/X,~T
curve obeys the Curie-Weiss law. The magnetic
constants of these two regions are listed in Table 2.
The II region is the intermediate region between I
and III. The temperature dependence of the Z,
in these three regions suggests the formation of a spin
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Fig. 7. Inverse paramagnetic susceptibility of TEMPOS

tetraradical which was corrected for the inter-cluster
interaction by multiplying T/(T+3.5) with 1/Xy. The
solid curves are the theoretical 1/Xy— T of the spin cluster
models with for spins: a) Tetrahedral model (J= —5.55°K),
b) Trigonal model (J=—15.9°K).

cluster caused by the exchange interaction. In the
IV region, the 1/Xy—T shows a slight deviation from
the Curie-Weiss law of the III region, with §=—3.5°K ;
this suggests the existence of an inter-cluster interac-
tion, but in this paper, treating the exchange inter-
action in a cluster, we will not discuss the inter-cluster
interaction further.

Now let us come back to our discussions of the 1,
II, and IIT regions. For the analysis of the results,
two essential experimental parameters are taken into
account. One is the #,, of the IIT region, which
will give the total spin of the ground state; the other
is the ratio of the Curie constants between the I and
IIT regions (p=C;/Cyy;), which indicates the relation
of the spin states between the high- and low-temper-
ature regions. In our case, p,..=2.80—which cor-
responds to the total spin, S=1-—and p=1.58.

As the TEMPOS tetraradical has four spins in a
molecule, some spin-cluster models with four spins
are applicable.’® The spin Hamiltonian of the cluster
models is:

K = "2{.,1251'82 + Jlas1sa + J14S1'S4
+ J23S2'S3 + chsz‘s4 + J3433'S4} (5)
(all S; =1/2)

15) Of course we cannot say definitely that the exchange interac-
tion occurs exclusively in a molecule, and the probability of the
inter-molecular interaction will not be ommitted. Here we must
understand that the above-mentioned models will be only practical
ones.®
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TABLE 3. SOME SPIN CLUSTER MODELS WITH FOUR SPINS

Model |/ %/ N(gB)* 0 J
Tetrahedral %Si:;% — —=5.55°K
Rhombus 52-?35352:—_:2’721;2:221 — —_
Trigonal 2X7—(—|-5;€:—E;|—j6—ii'w) 1.50 —15.9°K

§=1/2 for all spins and x=|J|/kT. p is the ratio of the
Curie constants between high and low temperature ranges.

J was determined from the experimental Weiss constant,
6= —10°K.

and the paramagnetic susceptibilities of each model,
which is derived from the Van Vleck formula,'¥ are
listed in Table 3. The theoretical 1/X,—T curves
of two typical models (tetrahedral and trigonal) are
shown in Fig. 7 in comparison with the experimental
result corrected for the inter-cluster interaction by
multiplying T (7+3.5) by 1/Xy; the latter trigonal
model (u,,=2.83, p=1.50) agrees exactly with the
experimental result, as J=—15.9°K. In our further
discussions, we must proceed to a structural study of
these polyradicals.

Summary

The paramagnetic susceptibilities of the TEMPOP
triradical and the TEMPOS tetraradical have been
measured; we have found some deviations from the
Curie-Weiss law caused by an exchange interaction
between electron spins. Though we could not make
clear whether or not the exchange interaction occurs
in a molecules, we adopted some spin-cluster models
with three and four spins as one step to interpreting
the experimental phenomena.

In TEMPOP triradical, we could find no suitable
model, for this radical did not indicate any typical
ordering phenomenon at any measuring temperature
used so far. On the other hand, in the TEMPOS
tetraradical, we found a short-range ordering effect
and applied the spin-cluster models with four spins.
The trigonal model best fit the experimental results.

The authors are very much obliged to Professor H.
Takaki for his continuing guidance and encourage-
ment through this work. The authors are also deeply
indepted to Professor M. Mekata, Mr. J. Yamauchi
and their collaborators for their helpful advice and
discussions.






