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Abstract Several TEMPO-based radicals were found to be bulk ferromagnets with
Tcof 0.2 - 0.4 K, as indicated by the measurements of ac magnetic susceptibilities
and magnetization curves. On the basis of the X-ray crystal structure analysis, a
possible mechanism of ferromagnetic interactions between neighboring N-O sites is
proposed, in which the methyl or methylene groups play a role of ferromagnetic
exchange couplers. New organic ferromagnets, 4-(p-methylthiobenzylideneamino) -
TEMPO, 4-(benzylamino)-TEMPO, and 4-(hydroxyimino)-TEMPO as well as
several metamagnets are reported.

INTRODUCTION

Ferromagnetism in organic materials is of current interest.! Several examples of purely
organic ferromagnets with well-defined crystal structures appeared in the literature.2-10
We have reported organic ferromagnets possessing a 2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPO) group, 1 (Tc = 0.18 K),5 2 (Tc = 0.4K),6 3 (Tc = 0.4 K),% and 4 (Tc = 0.2
K).10 We discuss here a magneto-structure relationship and propose a possible
mechanism of the intermolecular ferromagnetic couplings. In the course of our study on
derivatives of 1 - 4, we have very recently found a new organic ferromagnet § and 12 as
well as organic metamagnets 6,10.11 7 - 11. Since other types of TEMPO derivatives are
so far known to exhibit ferromagnetic interactions,!2-15 we re-examined the
ferromagnetic interaction of 13, and found its ferromagnetic transition. We report here
the ferromagnetism of §, 12, and 13 and the metamagnetism of 7 - 11. Their X-ray
crystal structures are described elsewhere. 16
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The ferromagnetic transition phenomena and crystal structures of organic radical crystals
of 1 - 4 are published elsewhere.56.9.10.16 Their crystal structures were discussed in
connection with dimensionality of the arrangement of N-O spin centers. Since the spin is
highly localized at the N-O site in the TEMPO group in comparison with delocalized x-
spins in p-NPNN2 and CggeTDAE3 the arrangement of N-O sites must be most
important to clarify the origin of ferromagnetic exchange interaction of a series of
TEMPO radicals investigated here.

In all of the crystal structures of 1 - 4, the N-O sites construct two-dimensional
network and the oxygen atoms are located on zigzag planes.16 The nearest neighbor
O--O distances were found to be ca. 6 A within a sheet (5.62 and 6.15 A for 1,55.96 and
6.09 A for 2,6 591 and 5.95 A for 3,9 and 5.99 and 8.00 A for 416). The distance
between the sheets of 2 (14.2 A) is longer than that of 1 (10.8 A) owing to the bulkiness
of the additional phenyl group in 2. Considering the fact that the transition temperature
of 2 is not lower than that of 1 and 3 in spite of the difference of the inter-sheet distances,
the ferromagnetisms of 1 - 3 may be interpreted mainly as two-dimensional ordering of
the radical spins.?

The above description for the O--O distances does not necessarily mean presence of
direct interaction among the N-O sites, because there are methyl and methylene groups
intervening between them. The most important feature is that the oxygen atoms of the N-
O group always locate near methyl and/or methylene groups of adjacent molecules.
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These intermolecular O--H distances were 2.5 - 2.8 A, which are close to the sum of van
der Waals radii (2.6 A). We propose here a possible mechanism of ferromagnetic
interactions between the nearest neighboring N-O sites; the intervening methyl and/or
methylene groups play a role of ferromagnetic exchange couplers.

In the crystal of 1, the N-O sites are arranged in a zigzag manner both along b and ¢
axes. Figure 1 shows the arrangements of a part of TEMPO moiety based on the X-ray
crystallographic analysis. All of the hydrogen atoms drawn in Figure 1 are attached to f-
carbon atoms (carbon atoms of B-postions from the N-O group), and we call them g-
hydrogen atoms. As Fig. la shows, the first and second nearest intermolecular O---H
distances are 2.4g (O-Hmethylene) and 2.77 A (O-~Hpetyl) respectively along the b axis.
Figure 1b illustrates that the nearest intermolecular O---Hmpethyj distance is 2.8¢ A along
the ¢ axis. Although the positions of hydrogen atoms have relatively large experimental
errors, it is safely asserted that f-hydrogen atoms are present between the oxygen atoms
and B-carbon atoms.

248 A imA ‘c axis % g 276 A .l"-..‘2.78 A

¢ axis

266A .

276 A 2784

FIGURE 1 Arrangement of
CH2(CH3)2CN(-O9)C(CH3)2CH7 moieties
in the crystal of 1. a) Along the b axis.

b) Along the c axis.
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FIGURE 2 Arrangement of
CH2(CH3)2CN(-O°)C(CH3),CH 2 moieties
in the crystal of 3. a) Along the a axis.

b) Along the c axis.
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The ENDOR and NMR studies on TEMPO and related compounds revealed that
the signs of the 1H and 13C hyperfine splitting constants (hfsc's) alternated throughout the



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:34 18 February 2013

100/[1128] T. NOGAMI et al.

hydrocarbon framework and that negative spin was induced on the f-hydrogen atoms.17
The B-hydrogen hfsc is generally larger than the a-hydrogen hfsc. 18 These facts can be
interpreted in terms of hyperconjugation as drawn below. 18.19

The alternate spin distribution to the methyl and methylene groups was also
confirmed by UHF/ MNDO-PM3 calculation20 based on the geometry of 1. The spin
densities on the a-carbon, B-carbon, and B-hydrogen atoms through the nearest pathway
along the b axis were calculated to be -0.0173, 0.0013, and -0.0006 respectively. Those
along the c axis were -0.0173, 0.0060, and -0.0004 respectively. The spin densities
induced on B-hydrogen atoms were negative.

The Heitler-London theory of chemical bond tells us that the negative spin density
on the B-hydrogen atoms can induce positive spin density on an adjacent N-O site when
the 1s(H) orbital overlaps with the x*(N-O) orbital. The structure analysis showed that
their orbitals were not geometrically orthogonal. Therefore, a spin propagation scheme is
illustrated as follows.

+¢H|+*¢/

\N/Ca\c /Hﬁ -------- O__N (2)

.(g'l” N

The crystal structure of 2 is very similar to that of 3 except for the inter-sheet
distance.® Since the intra-sheet arrangements of N-O sites of 2 and 3 are almost the
same, we discuss here the case of 3 on behalf of them. Figure 2 shows the arrangements
of a part of TEMPO moiety in the crystal of 3. The methyl groups intervene between the
N-O sites. The methyl hydrogens were located near the N-O site in adjacent molecule
with the nearest intermolecular O--H distances of 2.7¢ and 2.7g A along the a axis (Fig.
2a) and with those of 2.6¢ and 2.6 A along the c axis (Fig. 2b).

The spin distribution to the methyl groups was confirmed by UHF/MNDO-PM3
calculation.20 The calculation based on the geometry of 3 revealed that the spin densities
on the a-C, B-C and B-H atoms through the nearest pathway along the a axis are
calculated to be -0.020, 0.024, and -0.002 respectively, and those along the ¢ axis to be
-0.022, 0.054, and -0.001 respectively. The crystallographic analysis showed that the
structure of TEMPO moieties in a series of the derivatives investigated here were quite
similar,16 and consequently the calculated spin distribution has the general tendency that
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the signs of polarized spin densities alternate throughout the hydrocarbon framework.
Thus, the above spin polarization scheme seems to hold for the crystal of 3 (and also 2)
as described in eq. (1), and the intermolecular O--H orbital overlaps can cause
ferromagnetic coupling both along the a and ¢ axes (eq. (2)).

The crystal structure of 4 is somewhat
unique; 16 the N-O network was almost flat.

b axis

The sheet structure is shown in Fig. 3. The

aaxis

intermolecular O--O distances were 5.99
and 8.00 A along the a and b axes
respectively. The nearest O--H distances
were found to be 2.75 - 2.97 A along the a

399,.).’.‘"-" ..... %0
57 297Af 2724

; QH
H

axis and ferromagnetic interaction between
the nearest neighboring molecules along the
a axis is understood by the mechanism
described in egs. (1) and (2).

On the other hand, the interaction along
the b axis is hardly explained so far, because

there is no van der Waals contact of adjacent
TEMPO moieties along the b axis. The

above mechanism can be applied to the FIGURE 3 Twodimensional network

of CH2(CH3)2CN(-O»)C(CH3)2CH2
moieties in the crystal of 4.

cases that the oxygen atoms of N-O sites are
located near B-hydrogen atoms in adjacent
molecules; the N-O sites are ca. 6 A apart
from each other. The weak interaction due to the long O--O distance (8.00 A) seems to
be responsible for the lower T of 4 than those of 1 - 3,69 and 5 (see below).

Preliminary results of the crystallographical study on 52! revealed that the N-O
sites were arranged in a zigzag plane just like those of 1. The nearest O---O distances are
6.21 and 5.67 A, which are close to 6 A, along the b and c axes respectively. The nearest
O-Hmethylene distance is 2.53 A and O--Hmethy) distance is 2.94 A along the b and c axes
respectively. The intra-sheet ferromagnetic interaction of § can be apparently interpreted
in terms of the mechanism through intervening methyl and methylene groups.

Despite of the positive Weiss constant of the crystal of 6, the magnetic
measurements of 6 exhibited a Néel transition at about 0.12 K (Ty) and a typical
metamagnetic behavior below Ty 10.11

The crystal structure analysis of 6 revealed that the molecules have an almost
columnar structure with the nearest intermolecular O---O distance of 5.70 A (Fig. 4). The
intra-columnar ferromagnetic interaction can be interpreted by the above mechanism
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because the oxygen atoms were located close to the
B-hydrogen atoms in neighboring molecules within a
column (O--H distances are 2.7 and 2.79 A).

The metamagnetism of 6 is explained as
antiferromagnetic interaction, though not clarified
yet, among the ferromagnetic columns.

The spin polarization mechanism is frequently
applied so far to m-electron conjugated systems and
the adequacy has been examined theoretically and
experimentally.22 However, the present mechanism
of the ferromagnetic interaction in a series of
TEMPO derivatives is based on the spin polarization
in o-electron systems of saturated hydrocarbon

frameworks. The interactions through o-electron
systems seem to be very weak, compared with those =~ mentof 6 along the b axis.
through m-electron systems. For valuation of them,
more accumulation of experimental instances and theoretical calculations are necessary.
The original reason of the introduction of methyl groups to a piperidin-1-oxyl
radical is to protect the N-O radical site from chemical reaction by the steric hindrance.
We proposed here that the methyl groups were also useful to ferromagnetic exchange
couplers in TEMPO-based magnetic materials. The high probability of affording
materials with positive Weiss temperatures 10 seems to be mostly explained in terms of
this mechanism. Furthermore, this mechanism may also be applicable to the explanation
of the ferromagnetic interactions of tetramethyltetraazaadamantane-N,N'-dioxyl4 and
TEMPOL suberate. 15

NEW ORGANIC FERROMAGNETS

Radical § was prepared by the condensation between 4-amino-TEMPO and p-
methylthiobenzaldehyde in refluxing ethanol. The product was recrystallized from

ethanol to give the polycrystalline sample of §, mp 94 -95 °C. The static magnetic
susceptibility, Xqc, was measured on a Quantum Design MPMS-7 SQUID magnetometer

down to 1.8 K at 0.5 T. The diamagnetic contribution was estimated from Pascal's
constants. The X4 measurement of § revealed the presence of ferromagnetic interaction.

The magnetic moment of § monotonously increased with decreasing temperature and
reached 2.09 pp at 1.8 K. The plots of the reciprocal susceptibility against temperature

gave positive Weiss temperature of +0.52 K.
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The ac magnetic susceptibility, Xa:, was measured at the ac magnetic field of about
35 mOe (125 Hz) down to about 50 mK by a 3He-4He dilution refrigerator. The result of
5§ is plotted as a function of temperature in Figure 5a, which shows that a sharp
divergence starts at about 0.3 K and reaches a maximum at 0.22 K. We here define the
transition temperature, T, where X starts to diverge.

In order to elucidate the nature of the magnetic phase transition of § at 0.3 K, we
measured M-H curves below and above this temperature. The experimental details on
the magnetization curves were described elsewhere.523 As Figure 5b shows, a typical
hysteresis curve with a coercive force of about 130 Oe was obtained below T (53 mK).
On the other hand, a linear paramagnetic feature was observed above T (560 mK).

a) b) 2 - T T T T
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FIGURE 5 a) Temperature dependence of the ac susceptibility of § below 0.8 K,
showing the ferromagnetic transition at about 0.3 K. b) The M-H curves of § measured at
53 mK (below T) and at S60 mK (above T;)

Radical 12 was prepared by reductive
amination?? of 4-0x0-2,2,6,6-tetramethyl-
piperidin-1-oxyl with benzylamine hydro-
chloride and NaBH3CN in methanol.
Recrystallization from ethanol gave orange
crystals of 12, mp 54 - 55 °C. The X4 2|
measurement of 12 above 1.8 K gave a

M (arbitrary units)
o

P S | | P |

3 1
600 400 200 0 200 400 600
H /Qe

positive Weiss temperature of +0.55 K.
The Xa measurement of 12 showed a sharp
divergence of X5 at about 0.3 K and a peak

at0.18 K. AsFig. 6 shows, the isothermal

FIGURE 6. The M-H curve of 12
measured at about 30 mK (below T¢).
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magnetization curve indicated that 12 was a ferromagnet with a T of 0.3 K.

Radical 13 has been reported to exhibit intermolecular ferromagnetic interaction
indicated by the positive Weiss constant of +0.45 K.12 However, no more magnetic
study has not been reported. We reinvestigated the magnetic properties of 13.

We reproduced a positive Weiss constant (0.48 K) of 13 in the X4c measurements.
The temperature dependence of Xx is plotted as a function of temperature in Figure 7a,
which shows that a sharp divergence starts at about 0.25 K which is defined as T here,
and X is almost saturated below 0.2 K. The M-H curves below and above this
temperature were measured. As Figure 7b shows, a typical hysteresis curve with a
coercive force of about 120 Oe was obtained below T, (53 mK) and a linear
paramagnetic feature above T, (560 mK). Thus, 13 was clarified to be a bulk
ferromagnet with a T of 0.25K.

The deuterated derivative 13-d}-OD has been synthesized. However, the magnetic
experiments exhibited no appreciable difference from those of 13. The investigation of
isotope effect of perdeuterio 13-dy7 is now in progress.

a) b) 4:.., — T ]
~ 1000 r T T T T a 3 E. ..«"’"‘:;W_-:
2 =k ST #7753 mK
g &0 '-\ ] 32 o ;

Fe e :
A ek 560 mK
< 600 - 5 3
b ( =0 cecaesesreso?® 1
B L o ] =

400 | . Hat 3
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S’ [ ] 2 .:_ 3
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FIGURE 7 a) Temperature dependence of the ac susceptibility of 13 below 1K,
showing the ferromagnetic transition at about 0.25 K. b) The M-H curves of 13 measured
at 53 mK (below T) and at 560 mK (above T¢)

NEW_ ORGANIC METAMAGNETS

In the course of studies on various analogs of 1 - §, we found organic metamagnets 6 -
11. They were prepared by the condensation of 4-amino-TEMPO and the corresponding
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aromatic aldehydes; 7: mp 94 - 96 °C (lit.25 96.5 - 97.5 °C), 8: mp 117 - 118 °C (lit.25
113-114°C), 9: mp 109 - 110 °C, 10: mp 148 - 149 °C, and 11: mp 106 - 108™°C.

Figure 8 shows the M-H curves of 7 and 8. The metamagnetic critical fields were
found to be very small (10 - 100 Oe) for 7 - 11. The Néel temperatures of 6 - 11 were
determined by the temperature dependence of the ac susceptibilities; 6 (Ty = 0.21
K),10.11 7 (T = 0.26 K), 8 (Ty= 0.12 K), 9 (Ty= 0.20 K), 10 (T = 0.12 K), and 11 (T
=0.10K).

a) b) 4 T T T
3 s 90 mK
— 2 3
2 2 g ?F 370 mK 7
< E ot ]
8 o B8 ]
= 5t ' :
L * P
a -1 N’ b ] 4
.2 = E ! ]
: -3 3
3 ./ :
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H | Oe 1500 -1000 500 0 500 1000 1500
H /Oe

FIGURE 8 The M-H curves measured below and above Ty for 7 (a) and 8 (b).

ACKNOWLEDGEMENT

This work was supported by a Grant-in-Aid for Scientific Research on Priority Area
"Molecular Magnetism" (No. 04242208), from the Ministry of Education, Science and
Culture, Japan.

REFERENCES

1. Recent overviews and topics: special issues on "Chemistry and Physics of Molecular
Based Magnetic Materials," ed by H. Iwamura and J. S. Miller, Mol. Cryst. Lig.
Cryst., 232-233 (1993); J. S. Miller and A. J. Epstein, Angew. Chem., Int. Ed. Eng.,
33,385(1994); M. Kinoshita, Jpn. J. Appl. Phys., 33, 5718 (1994).

2. M. Kinoshita, P. Turek, M. Tamura, Y. Nozawa, D. Shiomi, Y. Nakazawa, M.
Ishikawa, M. Takahashi, K. Awaga, T. Inabe, and Y. Maruyama, Chem. Lett., 1225
(1991); M. Tamura, Y. Nakazawa, D. Shiomi, K. Nozawa, Y. Hosokoshi, M.
Ishikawa, M. Takahashi, and M. Kinoshita, Chem. Phys. Lett., 186, 401 (1991).

3. P.-M. Allemand, K. C. Khemani, A. Koch, F. Wudl, K. Holczer, S. Donovan, G.
Griiner, and J. D. Thompson, Science, 253, 301 (1991).

4. R Chiarelli, M. A. Novak, A. Rassat, and J. L. Tholence, Nature, 363, 147 (1993).



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:34 18 February 2013

106/(1134) T.NOGAMI et al.

5.

6.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.
21.

22

T. Nogami, K. Tomioka, T. Ishida, H. Yoshikawa, M. Yasui, F. Iwasaki, H.
Iwamura, N. Takeda, and M. Ishikawa, Chem. Lett., 29 (1994).

T. Ishida, H. Tsuboi, T. Nogami, H. Yoshikawa, M. Yasui, F. Iwasaki, H. Iwamura,
N. Takeda, and M. Ishikawa, Chem. Lett., 919 (1994).

T. Sugawara, M. M. Matsushita, A. Izuoka, N. Wada, N. Takeda, and M. Ishikawa,
J. Chem. Soc., Chem. Commun., 1723 (1994).

K. Mukai, K. Konishi, K. Nedachi, and K. Takeda, J. Magn. Magn. Mater., 140-144,
1449 (1995).

T. Nogami, T. Ishida, H. Tsuboi, H. Yoshikawa, H. Yamamoto, M. Yasui, F.
Iwasaki, H. Iwamura, N. Takeda, and M. Ishikawa, Chem. Lett., in press.

T. Nogami, K. Togashi, H. Tsuboi, T. Ishida, H. Yoshikawa, M. Yasui, F. Iwasaki,
H. Iwamura, N. Takeda, and M. Ishikawa, Synth. Met. (Proceedings of the
International Conference on Science and Technology of Synthetic Metals, 1994), 71,
1813 (1995).

T. Nogami, T. Ishida, K. Tomioka, H. Y oshikawa, M. Yasui, F. Iwasaki, N. Takeda,
and M. Ishikawa, Chem. Phys. Lett., submitted.

A. Rassat, Pure Appl. Chem., 62, 223 (1990).

T. Ishida, K. Tomioka, T. Nogami, H. Iwamura, K. Yamaguchi, W. Mori, and Y.
Shirota, Mol. Cryst. Liq. Cryst., 232, 99 (1993); K. Tomioka, T. Ishida, T. Nogami,
and H. Iwamura, Chem. Lett., 625, 1993; K. Tomioka, S.-i. Mitsubori, T. Ishida, T.
Nogami, and H. Iwamura, Chem. Lett., 1239 (1993).

H. Sugimoto, H. Aota, A. Harada, Y. Morishima, M. Kamachi, W. Mori, M. Kishita,
and M. Sorai, Chem. Lett., 2095 (1991); M. Kamachi, M. Tamaki, Y. Morishima, S.
Nozakura, W. Mori, and M. Kishita, Polym. J., 12, 362 (1982).

G. Chouteau and C. Veyret-Jeandey, J. Physique, 42, 1441 (1981); A. Benoit, J.
Flouquet, B. Gillon, and J. Schweizer, J. Mag. Mag. Mater., 31-34, 1155 (1983).

M. Yasui, H. Yoshikawa, H. Yamamoto, T. Ishida, T. Nogami, and F. Iwasaki, this
proceedings.

Y. Kotake and K. Kuwata, Chem. Lett., 83 (1984); G. F. Hatch and R.W. Kreilick, J.
Chem. Phys., 57, 3696 (1972); E. G. Janzen, U. M. Oehler, D. L. Haire, and Y.
Kotake, J. Am. Chem. Soc., 108, 6858 (1986).

A. Carrington and A. D. McLachlan, Introduction to Magnetic Resonance, Harper
Intemational, New York, 1967, p. 83.

A. R. Forrester, S. P. Hepburn, and G. McConnachie, J. Chem. Soc., Parkin Trans. I,
2213 (1974). '

1. J. P. Stewart, MOPAC ver 6.0, QCPE Buil., 9, 10 (1989).

Crystal data of §: monoclinic, P2y/c, a = 13.574(2), b = 11.880(2), ¢ = 11.163(2) A,
B =98.76(1)°, R = 0.048 for 2935 reflections.

N. Mataga, Theor. Chim. Acta, 10, 372 (1967). A. A. Ovchinnikov, ibid., 47, 297
(1978). H. Iwamura, Adv. Phys. Org. Chem., 26, 179 (1990).

Y. Nakazawa, M. Tamura, N. Shirakawa, D. Shiomi, M. Takahashi, M. Kinoshita,
and M. Ishikawa, Phys. Rev., B46, 8906 (1992).

G. M. Rosen, J. Med. Chem., 17, 358 (1974).

P. M. Boymel, G. R. Eaton, and S. S. Eaton, [norg. Chem., 19, 727 (1980).




