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Temperature dependences of d.c. magnetic susceptibilities and magnetizations were measured for two different crys-
tallographic phases of 4-(4-iodobenzylideneamino)-2,2,6,6-tetramethylpiperidin-1-yloxyl. Intermolecular ferromagnetic
(Weiss temperature 8 = +0.71 K) and antiferromagnetic (6 = —0.23 K) interactions were found for a- and S-phases,
respectively, in the magnetic measurements above 1.8 K; the former phase showed a bulk ferromagnetic transition at 0.28
K. Based on the X-ray crystallographic data, intermolecular magnetic interactions are discussed. In the a-phase crystal,
NO-radical sites form two-dimensional zigzag sheets. The ferromagnetic interaction within the sheet can be interpreted in
terms of a B -hydrogen mechanism, ON(1)-Cq(|)C Ig(T)—H ﬂ(l)- --(T)ON<, in which the magnetic interaction is transmit-
ted by S-hydrogens. A dimer structure was found in the -phase crystal, and direct exchange and/or dipole interactions
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between N-O radicals seem to be the main origin of the antiferromagnetic interaction.

Studies on the organic radicals exhibiting intermolecu-
lar ferromagnetic interactions and bulk ferromagnetic tran-
sitions have progressed greatly in these few years.” The
number of organic radical-ferromagnets has amounted to
twenty kinds, to our knowledge.? Figure 1 shows TEMPO-
based organic-radical ferromagnets 1—8 found by our group,
together with their ferromagnetic transition-temperatures
(T.);¥ TEMPO stands for 2,2,6,6-tetramethylpiperidin- 1-
yloxyl. Although organic radicals exhibiting intermolec-
ular ferromagnetic interaction were few until the year of
1991, a number of organic radicals exhibiting intermolec-
ular ferromagnetic interaction have been reported in these
past few years. For example, we have reported 52 kinds
of TEMPO-based organic radicals exhibiting intermolecular
ferromagnetic interaction.?™ Here, a ferromagnetic organic
radical means a radical in which the yT value increases at
the low temperature range; y denotes a magnetic suscep-
tibility. Nowadays, the number of ferromagnetic organic
radicals probably exceeds 100 kinds. Large efforts have also
been made for the elucidation of the mechanism of the inter-
molecular ferromagnetic interaction and for the strategy of
obtaining organic-radical ferromagnet.>® We explained the
high probability of ferromagnetic organic radicals found in
TEMPO-derivatives in terms of a S-hydrogen mechanism.®

We have systematically studied the intermolecular mag-
netic interaction of 4-(4-halobenzylideneamino)-TEMPO’s.
Fluoro-, chloro-3, and bromo-derivatives exhibited inter-
molecular antiferromagnetic (Weiss temperature 8 = — 2.6
K), ferromagnetic (6 = +0.69 K), and ferromagnetic (8 =
+0.32 K) interactions, respectively.? In the case of 3, we
observed a bulk ferromagnetic transition at 0.28 K, which

was confirmed by an ac magnetic susceptibility-, magneti-
zation-,” uSR-,” and heat capacity-measurements.® As an
extension of these studies, we have studied magnetic prop-
erties and crystal structures of iodo-derivative 6 in order to
see the structure-magnetism relation. We found two crys-
tallographically different phases which show intermolecular
ferromagnetic and antiferromagnetic interactions; these two
phases are denoted as - and f-phases, respectively. The
a-phase crystal exhibited a bulk ferromagnetic transition at
0.28 K.? This paper reports the magnetic properties, and
we propose a mechanism of intermolecular magnetic inter-
actions of the two phases of 6, based on the crystal structures.

Experimental

Synthesis of 6.  Synthesis of 6 was made by a condensation
reaction of 4-iodobenzaldehyde and 4-amino-2,2,6,6-tetramethyl-
piperidin-1-oxyl, by the procedures described elsewhere.” It was
recrystallized from ethanol. The crystals of o- and [-phases were
discernible from the difference of the crystal shapes; plate (a-phase)
and prism (f3-phase).

Magnetic Measurements. The magnetic susceptibility in
the temperature range of 1.8—100 K was measured on a SQUID
magnetometer (MPMS-7, Quantum Design). The diamagnetic con-
tribution was estimated by Pascal’s atomic constants.

Results and Discussion

Magnetic Measurements. The temperature depen-
dences of the molar magnetic susceptibilities (yp) of @- and
[3-phases of 6 were measured at the magnetic field of 5000
Oe in the temperature range of 1.8—100 K. The observed
data were analysed on the basis of the equation:
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Fig. 1. TEMPO-based organic-radical ferromagnets and their ferromagnetic transition temperatures (7¢).
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The last equation is derived by setting g=2 and S=1/2.
Here, the symbols have their usual meanings.

Figure 2 shows the temperature dependence of y 7 values
of a-and -phases of 6. The above equation could reproduce
quite well the observed temperature dependences. The -
values estimated by the best-fit of the data below 20 K were
+0.71 K and —0.23 K for ¢- and 5-phases of 6, respectively,
indicating that a- and f-phases have intermolecular ferro-
magnetic and antiferromagnetic interactions, respectively. In
order to see the magnetic behavior of the a-phase of 6 in more
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Fig. 2. Temperature dependences of ym7 values of ferromag-

netic a-phase and antiferromagnetic -phase of 6 measured
above 1.8 K.

detail, the temperature dependence of a.c. magnetic suscep-
tibilities and isothermal magnetizations were measured in
the temperature range of a >He~*He dilution refrigerator.'
It showed a bulk ferromagnetic transition® at 0.28 K, as de-
scribed previously.” However, no detailed mechanism of the
ferromagnetic interaction of 6 was described,® because no X-
ray crystallographic datum was available at that time. Thus,
this paper reports the mechanism of intermolecular magnetic
interactions of a- and f3-phases of 6, based on their crystal
structures.

Crystal Structures.  Crystal structures of a series of 4-
(4-halobenzylideneamino)-TEMPOQ’s, including a- and f3-
phases of 6, will be reported elsewhere.'? In order to clar-
ify the origin of the intermolecular magnetic interactions of
a- and f-phases of 6, important features of their crystal
structures from the viewpoint of the magnetic interaction
will be described below. Figure 3 shows the arrangement of
the N—-O radical-sites in the a-phase ferromagnetic crystal.
Two molecular structures are drawn to envisage the molec-
ular packing. The N-O radical-sites form two-dimensional
zigzag sheets which are parallel with the ac plane. Intrasheet
O---O distances are 5.89 and 5.91 A along the a- and c-
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Fig. 3. Arrangements of N~O radical-sites in the a-phase

crystal of 6 with intermolecular O---O distances in A. Two
molecular structures without hydrogen atoms are drawn to
envisage the molecular packing.
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axes respectively. Compared with these distances, the near-
est intersheet O---O distance is 13.96 A. Iodophenyl rings
gather together in the clearances between zigzag sheets with
weak pm—pm orbital interaction. These characteristic fea-
tures of molecular arrangement were also found for several
TEMPO-based organic ferromagnets.> 2"

Figure 4 shows the molecular arrangement of 5-phase an-
tiferromagnetic crystal viewed along the b-axis (0<y<0.25).
Two sites of molecules (A- and B-sites in Fig. 4) form a
dimer, and the dimers arrange toward [1 0 1] directions. The
intradimer O---N, O---O, and N---N distances are 4.63, 5.47,
and 5.70 A, respectively. However, we can not find any sheet
structure of N—O radical-sites in the f-phase crystal, unlike
the case of the a-phase crystal. This structure (Fig. 4) sug-
gests that the strongest magnetic interaction comes from the
intradimer interactions between NO radical-sites. Other in-
termolecular magnetic interaction seems to be much weaker,
because the next nearest O---O distance is 7.17 A.

Mechanism of Intermolecular Magnetic Interactions
of ¢- and f-Phases of 6.  Based on the crystal structures
of a- and f-phases described above, the origin of the in-
termolecular magnetic interaction will be discussed below.
In the case of the ar-phase crystal, intermolecular ferromag-
netic interaction was observed as shown in Fig. 2(a). Char-
acteristic molecular arrangement was found for this crystal,
in which the oxygen atom of an N-O radical-site locates
near the methyl- and methylene-hydrogens (/S-hydrogens)
of the adjacent molecule (Fig. 5(a)). Figure 5(a) shows only
CH,C(CHj3),NOC(CHjs),CH; portions of TEMPO moieties
for the sake of clarity. The close interatomic O---H(methyl)
distances are 2.77 and 2.52 A along the a- and c-axes, re-
spectively. Close intermolecular O---H(methylene) distance
(2.77 A) was also found along the c-axis. These distances are
close to the sum of van der Waals radii (2.6 A). Therefore,
the following spin-polarization mechanism, which we term

Fig. 4.

Molecular arrangement of [-phase crystal of 6
viewed along the b-axis (0<y<0.25). Hydrogen atoms
are omitted. A- and B-site molecules form a magnetic
dimer.
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Fig. 5. (a) Close intermolecular NO- - ~H/3C distances (in A)
on the two-dimensional zigzag sheet which is parallel with
the ac plane; only CH,C(CH3),NOC(CH3),CH; portions
of TEMPO moieties are shown for the sake of clarity, and
NO-radical sites are shown by filled circles. (b) Spin-po-
larization mechanism (f3-hydrogen mechanism) of the a-
phase crystal of 6.

[-hydrogen mechanism,” can explain the intermolecular fer-
romagnetic interaction. As illustrated in Fig. 5(b), a positive
spin-density on the N-O site induces negative spin-density
on the methyl- and methylene-hydrogen atoms due to an
intramolecular spin-polarization, which in turn induces pos-
itive spin-density on the N-O sites of the adjacent molecules
caused by the orbital overlap between 1s(H) and 7t* (N-O) or-
bitals, ON(T)~C,(1)-Cg(T)-Hg(])---(T)ON <, thereby lead-
ing to parallel spin-alignments of N—O sites in the crystal.
Such an intermolecular ferromagnetic interaction is opera-
tive among the N-O sites on the two-dimensional zigzag
sheet shown in Fig. 3. Thus, the a-phase crystal seems to
have a two-dimensional magnetic property. The origin of
the intersheet ferromagnetic interaction of NO-sites is not
clarified yet. Theoretical and experimental grounds for this
B -hydrogen mechanism were described elsewhere.>'? The
ferromagnetic interaction of all of the TEMPO-based ferro-
magnets could be explained by this mechanism.*'»

In order to get insight into the antiferromagnetic inter-
action of the f-phase crystal, local arrangements of four
neighboring molecules are shown in Fig. 6 with several in-
teratomic distances. In view of the relatively short N---O
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Fig. 6. Local arrangements of neighboring four molecules in
the [5-phase crystal of 6 with several interatomic distances
in

distance (4.63 A),' direct exchange and/or dipole interac-
tions between NO-radicals of A- and B-sites seem to cause
the antiferromagnetic interaction, although we can not clar-
ify the detailed mechanism. Other indirect spin-polarization
pathways like >NO(T)---()H-C3(1)-Ca(1)-I(1)---(1NON <
(ferromagnetic interaction) and >NO---I---ON< seem to
be much weaker than the above direct antiferromagnetic in-
teraction, because their interaction paths are longer than that
of the direct interaction.

Summary. Two crystallographic phases (a- and
[-phases) were found for 4-(4-iodobenzylideneamino)-
TEMPO (6). The a-phase crystal showed a bulk ferro-
magnetic transition (T, = 0.28 K), and the f-phase crystal
was an antiferromagnet. Based on the data of the X-ray crys-
tallography, ferromagnetic interaction of the a-phase crystal
could be explained by the -hydrogen mechanism. The anti-
ferromagnetic interaction of the -phase crystal arises from
the direct exchange and/or dipole interactions of nearest NO
radical sites.
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