This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 18 February 2013, At: 14:03

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals

—— Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl19

a-Nitronyl Nitroxide Cation Radicals:
Crystal Engineering for the Molecular
Based Organic Ferromagnetism

Kunio Awaga * , Tamotsuinabe ® Takayoshi Nakamura © , Mutsuyoshi
Matsumoto © & Yusei Maruyama °

# Department of Pure and Applied Sciences, University of Tokyo,
Komaba, Meguro, 153, Japan

b Department of Chemistry, Faculty of Science, Hokkaido University,
Sapporo, 060, Japan

¢ National Chemical Laboratory for Industry, Tsukuba, Ibaraki, 305,
Japan

4 Institute for Molecular Science, Myodaiji, Okazaki, 444, Japan
Version of record first published: 24 Sep 2006.

To cite this article: Kunio Awaga , Tamotsuinabe , Takayoshi Nakamura , Mutsuyoshi Matsumoto &
Yusei Maruyama (1993): a-Nitronyl Nitroxide Cation Radicals: Crystal Engineering for the Molecular
Based Organic Ferromagnetism, Molecular Crystals and Liquid Crystals Science and Technology.
Section A. Molecular Crystals and Liquid Crystals, 232:1, 69-78

To link to this article: http://dx.doi.org/10.1080/10587259308035700

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation
that the contents will be complete or accurate or up to date. The accuracy of any
instructions, formulae, and drug doses should be independently verified with primary
sources. The publisher shall not be liable for any loss, actions, claims, proceedings,



http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259308035700
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 14:03 18 February 2013

demand, or costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.




Downloaded by [Tomsk State University of Control Systems and Radio] at 14:03 18 February 2013

Mol. Cryst. Lig. Cryst. 1993, Vol. 232, pp. 69-78
Reprints available directly from the publisher
Photocopying permitted by license only

© 1993 Gordon and Breach Science Publishers S.A.
Printed in the United States of America

a-NITRONYL NITROXIDE CATION RADICALS:
CRYSTAL ENGINEERING FOR THE MOLECULAR BASED ORGANIC
FERROMAGNETISM

KUNIO AWAGA
artment of Pure and Applied Sciences, University of Tokyo, Komaba,
Meguro 153, Japan

TAMOTSU INABE
Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo
060, Japan

TAKAYOSHI NAKAMURA, MUTSUYOSHI MATSUMOTO
National Chemical Laboratory for Industry, Tsukuba, Ibaraki 305, Japan

YUSEI MARUYAMA
Institute for Molecular Science, Myodaiji, Okazaki 444, Japan

Abstract Magnetic properties and crystal structures of N-alkylpyridinium a-
nitrony! nitroxide cation radicals, has been studied. Some of them have been
found to have ferromagnetic intermolecular interaction which are much stronger

than those in the a-nitronyl nitroxide free radicals. Further, a m-N-methyl-

pridinium a-nitronyl nitroxide salt crystallizes into a trigonal space group with a
triangular lattice, which includes both of the ferromagnetic and antiferromagnetic
interactions.

INTRODUCTION

Search for molecular/organic ferromagnetism is of current interest.! In this search, it is
important to determine the factor controlling the intermolecular magnetic coupling in the
solid state. An organic radical, galvinoxyl, has been confidently proved to possess a
ferromagnetic intermolecular interaction.2 This interaction has been interpreted by the
cooperation between the intramolecular spin polarization effect and the intermolecular
charge-transfer (CT) interaction.34 The spin polarization effect stabilizes the triplet CT
excited state, and the admixture of this state results in the ferromagnetic coupling. This
mechanism has been originally proposed by McConnell,% and the importance of the spin
polarization effect has been theoretically pointed out by Yamaguchi et al.6

Recently, we have started a study of the magneto-structural correlation in the
crystals of a-nitronyl nitroxides. This radical family is known” to possess a strong spin
polarization effect, because of the spatial closeness between the unpaired x electron and
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the non-bonding electrons (n-m exchange interaction). We have already reported the
magnetic properties of some a-nitronyl nitroxide free radicals.8-10 We found weak
ferromagnetic interactions in the crystals of p-nitrophenyl8 and p-pyridyl!0 a-nitronyl
nitroxides (abbreviated as p-NPNN and p-PYNN, respectively). Last year, the (3-phase
of p-NPNN has been revealed to have a ferromagnetic ordered state below 7¢=0.65 K, by
Kinoshita et al.1!

CRYSTAL ENGINEERING

The crystal structure of the ferromagnetic p-PYNN radical consists of an one-dimensional
(1D) linear chain, as is shown in Figure 1.10 The molecules are arranged side-by-side
and head-to-tail in the chain. There are short intermolecular, interatomic distances from
the oxygen atom in the NO group to the pyridyl ring. Since the oxygen atom in the NO
group is equipped with a large negative charge, resulting from the electronic polarization
in the NO bond, namely N9+O%-, this structure could be realized by the hydrogen bonds
between the negative oxygen atom and the hydrogen atoms on the pyridyl ring.

7 conjugation

SOMO

FIGURE 1 View of the chain structure in the crystal of p-PYNN.

The SOMO of p-PYNN is considered to be localized on the side of the nitrony!
nitroxide, O-N-C-N-O, and has little population in the pyridine ring, while the other
frontier & orbitals are distributed on both sides of the molecule.10 In the molecular
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arrangement of p-PYNN shown in Figure 1, the overlap between the SOMOs is much
smaller than those between the SOMO and the other frontier orbitals. It is thought that the
former overlap always makes the intermolecular interaction antiferromagnetic and the
latter ones bring about the ferromagnetic coupling.3 Therefore, the ferromagnetic
interaction is expected to operate in the chain. In fact, the temperature dependence of
magnetic properties of p-PYNN can be interpreted in terms of an 1D ferromagnetic
chain,10

If the distance between the NO group and the pyridyl ring becomes short, the
ferromagnetic intermolecular interaction could be enhanced. To examine it, we have
moved into a study of pyridinium a-nitronyl nitroxide cation radicals. They are expected
to have a shorter intermolecular contact between the NO group and the pyridinium ring in
the solid state, due to the Coulombic attraction force between the negative charge on the
oxygen and the positive charge on the pyridinium ring.

PYRIDINIUM ¢-NITRONYL, NITROXIDE

parg-lsomers
The p-pyridinium a-nitronyl nitroxide cation radicals were prepared by the N-alkylation

of p-PYNN, as is shown in Scheme I. The iodide salts of methyl, ethyl and n-propyl
derivatives (abbreviated as p-MPYNN, p-EPYNN and p-PrPYNN, respectively), were
separated from the solutions of p-PYNN in the alkyl iodides. p-EPYNN crystallized with
water in the solvent or in the air as (p-EPYNN¢I);*H0, while p-MPYNNeI and p-
PrPYNNeI did not include crystal water. Results of the elemental analyses are listed in
Table I. The IR spectrum of the p-EPYNN salt is clearly different from those of the other
two, due to the crystal water.

Temperature dependence of the molar paramagnetic susceptibilities, xp, of p-
MPYNNeI is shown in Figure 2.12 x,, increases with decreasing temperature down to ca.
90 K, and after going through a maximum, p begins to decrease, approaching to zero at
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SCHEME 1
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TABLEI Results of the elemental analyses.

C H N
p-MPYNNel Calc. 41.50 5.09 11.17
C13H19N3021 Found 41.35 5.00 11.29
{(p-EPYNNeI)2°H0 Calc. 42.12 5.55 10.52
C2gHq4NgOs1n Found 42.51 5.32 10.59
p-PrPYNNel Calc. 44.57 5.73 10.39
C15H23N3051 Found 44.29 5.69 10.33
m-MPYNNGelI+(H,0), Calc. 37.88 5.62 10.19
C13H23N3041 Found 38.08 5.02 10.16
(m-EPYNNe¢])2¢(H20)3 Calc. 40.30 5.80 10.07
C30H4gNgO712 Found 40.13 5.43 9.85
(m-PrPYNN)2¢H>0 Caic. 43.59 5.85 10.17
C30H48N(,0512 Found 43.68 5.72 10.45

0 K. Below 15 K, yp shows a slight increase again, which could be due to the Curie
spins on the lattice defects. The observed temperature dependence is well understood by
the combination of the singlet-triplet model and a small amount of the Curie component,
as is written by

_C 4exp(-2Jap/kT) + Caef )
Xp= T 1:3exp(-2/aphkgD * T
N/

2.5
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©
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e
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(22
) 1.0
X
»$ 0.5

0.00 50 100 150 200 250

Temperature (K)

FIGURE 2 Temperature dependence of yp of p-MPYNNel. The solid
curve is the theoretical one of Eq. (1).
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The solid curve in Figure 2 represents the best fit of the experimental data obtained with
C= 0.378 emu K mol-1, 2/5r/kp=149 K and Cge¢=0.005 emu K mol-l. This
antiferromagnetic coupling constant is larger by two order of magnitude than those in the
nitroxide free radicals.? From the magnetic point of view, the nitroxide p-MPYNN is
concluded to exist as dimers formed by the strong antiferromagnetic interaction.
Temperature dependence of Y of p-EPYNNeI follows the Curie-Weiss law with a
negative Weiss constant of 6=-1.8 K in the whole temperature range below 260 K (not
shown).12 This indicates the weak antiferromagnetic intermolecular interaction in p-
EPYNN-L.

Figure 3 shows the temperature dependence of xp7 of p-PrPYNNeL T
increases gradually, as the temperature is decreased down to 4 K. However, xpT shows
a quick decrease below 4 K. The observed dependence was found to be well interpreted
by the modified singlet-triplet model;

X SRS, S , @)
P~ T-6 3+exp(-2/x/kgT)

in which coexistence of a intradimer ferromagnetic interaction and a interdimer
antiferromagnetic interaction is assumed. The solid curve in Figure 3 is the theoretical
best fit with the parameter listed in Table II. The magnetic couplings of the p-isomer
changes from antiferromagnetic to ferromagnetic, with changing the N-alkyl substituent.
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FIGURE 3  Temperature dependence of pT of p-PrPYNNel. The solid
curve is the theoretical one of Eq. (2).
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TABLEII. Fitting parameters for the Eq. (2).

CemuKmol!) 2Jp/kp(K) 8 (K)
p-PrPYNNeI 0.375 4.8 0.7
m-MPYNNel+(H20), 0.370 21.5 0.2
m-EPYNNeIs(H,0) 1 5 0.370 25.0 3.1
m-PrPYNNe(H,0)0 5 0.383 21.3 1.2
m-MPYNN+(BF4)0.72710.28 0.377 24.0 1.6

*(H20)0.17

meta-Isomers

The iodide salts of m-MPYNN, m-EPYNN and m-PrPYNN were obtained by the same
procedure as those for the p-isomers. Elemental analysis and the spin concentration
determined by the magnetic measurements indicated that they crystallized with water, as
m-MPYNNeI+(H,0);, (m-EPYNN¢I),+(H20)3 and (m-PrPYNNeI) 2H,0 (See Table I).
The IR spectra clearly indicated their crystal waters.
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FIGURE 4 Temperature dependence of xpT of m-MPYNNel+(Hz0),, m-
EPYNN-¢lI¢(H20)1 5 and m-PrPYNNeI+(H20)g 5.
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FIGURES5 (a) 2D triangular lattice of the m-MPYNN dimers. (b) Intradimer
and interdimer molecular arrangements.

Figure 4 shows the temperature dependence of pT of the three m-isomers. They
show similar temperature dependence as that seen in p-PrPYNNel, which indicates
coexistence of the ferromagnetic and antiferromagnetic interactions. All of the three can
be well interpreted by Eq. (2) with the parameters in Table II. Their ferromagnetic
coupling constants are much larger than that of p-PrPYNNel and those of the other a-
nitronyl nitroxide free radicals.8-10 As far as the three iodide salts of the m-isomers, the
relative change in the interdimer antiferromagnetic coupling constant, 8, is larger than that
in the intradimer ferromagnetic coupling constant, Jg.

Recrystallization of m-MPYNNeI¢(H20), from an acetone solution gave
hexagonal-plate single crystals including both of water and acetone as crystal solvents.13
In the air they immediately turn into mosaic by the evaporation of the crystal solvents.
Recrystallization with the presence of excess TBA*BF4 or TBA*Cl10O4
(TBA=tetrabutylammonium) gave a crystalline solid solution, m-MPYNNeX eIy x
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(X=BF4 or Cl0y4), which is free from the evaporation. X-ray diffraction data were
collected using a stable crystal, m-MPYNN¢(BF4)g 72°Ig 28°(H20)¢.17, whose crystal
data are as follows; trigonal P3cl, Z=12, a=15.938(1), ¢=23.615(1) A.13 The
occupation numbers of the anions and water were determined through a least square
structure refinement. There is an occupancy disorder of counter parts (anions and water)
and the refinement is still in progress, while this development would give little change in
the molecular structure and arrangement of m-MPYNN.

The m-MPYNN molecules exist as a dimer and, surprisingly, the solid state
structure consists of a 2D triangular lattice of the dimer units. Figure 5(a) shows a view
of the triangular lattice projected onto the ab plane. The radical dimer is located on each
side of the triangles. The intradimer and the interdimer molecular arrangements are
shown in Figure 5(b). In the intradimer arrangement, there are very short intermolecular,
interatomic distances between the NO group and the pyridinium ring; 2.995 A of
O2¢+¢C11 and 3.188 A of O2eeeN3. This is a wanted arrangement, as is discussed
before. These short contacts would be caused by the Coulombic attraction force between
the positive charge on the pyridinium ring and the negative charge polarized on the
oxygen atom. Such overlap is considered to contribute to the ferromagnetic coupling. In
the interdimer arrangement, on the other hand, there is a weak contact between the NO
groups; 3.217 A of OlesN2. The NO«NO contact means the overlap between SOMOs,
and should contribute to the antiferromagnetic coupling.
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FIGURE 6 Temperature dependence of xpT of m-MPYNNe(BF4)g 72¢Ip 28*(H20)0.17.
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Figure 6 shows the temperature dependence of xp7 of m-MPYNN=(BF4)¢.72¢
Ip.28°(H20).17, 13 which can be also understood by Eq. (2). This is quite consistent
with the discussion on the intermolecular arrangements described just above. There is a
possibility that the spin system in m-MPYNN could be characterized in terms of a 2-D
triangular lattice of antiferromagnetic S=1 spinsl4 at very low temperatures (less than ca.
2 K).

o-Isomers
Figure 7 shows the temperature dependence of ypT of 0-MPYNN-+I and 0-EPYNN-el.

They can be interpreted by the Curie-Weiss law with the parameters of 6=-1.9 K for o-
MPYNNel and 6=-0.1 K for 0-EPYNNel.
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FIGURE7 Temperature dependence of xp7 of 0-MPYNNel and 0-EPYNNel..

ACKNOWIL EDGMENT

This work was supported by the Grant-in-Aid for Scientific Research, Nos. 04242103
and 04740309, from the Ministry of Education, Science and Culture.



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:03 18 February 2013

78 K. AWAGA ET AL.

REFERENCES

1. P. -M. Allemand, K. C. Khemani, A. Koch, F. Wudl, K. Holczer, S. Donovan, G.
Gruner and Joe D. Thompson, Science, 253 301 (1991); J. S. Miller and D. A.
Dougherty (eds.), Proc. Symp. on Ferromagnetic and High Spin Moleculer Based
Mater)ials: 197th A.C.S. meeting (Dallas, TX), in Mol. Cryst. Lig. Cryst., 176
(1989).

2. K. Mukai, H. Nishiguchi and Y. Deguchi, J. Phys. Soc. Jpn., 23, 125 (1967); K.
Mukai, Bull. Chem. Soc. Jpn.. 42, 40 (1969); K. Awaga, T. Sugano and M.
Kinoshita, J. Chem. Phys., 128, 587 (1986).

3. K. Awaga, T. Sugano and M. Kinoshita, Chem, Phys. Lett., 141, 540 (1987).

4. K. Awaga, T. Sugano and M. Kinoshita, Synth. Metal, 27, B631 (1988).

5. H. M. McConnell, Proc. Robert A. Welch Found. Chem. Res., 11, 141 (1967).

6. K. Yamaguchi, T. Fueno, K. Nakasuji and I. Murata, Chem. Lett., 629 (1986).

7. D. G. B. Boocock and E. F. Ullman, J. Am. Chem. Soc., 90, 6873 (1968); E. F.

Ullman, J. H. Osiecki, D. G. B. Boocock and R. Darcy, J. Am. Chem. Soc., 194,
7049 (1972).

8. K. Awaga and Y. Maruyama, Chem. Phys. Lett., 158, 556 (1989); J. Chem. Phys.,
91, 2743 (1989).

9. K. Awaga, T. Inabe and Y. Maruyama, Mat. Res. Soc. Symp. Proc,, 173, 33
(1990).

10. K. Awaga, T. Inabe and Y. Maruyama, Chem. Phys. Lett., 190, 349 (1992).

11. M. Kinoshita, P. Turek, M. Tamura, K. Nozawa, D. Shiomi, Y. Nakazawa, M.
Ishikawa, M. Takahashi, K. Awaga, T. Inabe and Y. Maruyama, Chem_ Lett., 1225
(1991); M. Takahashi, P. Turek, Y. Nakazawa, M. Tamura, K. Nozawa, D.
Shiomi, M. Ishikawa, M. Kinoshita, Physy Rey. Lett., 67, 746 (1991); M. Tamura,
Y. Nakazawa, D. Shiomi, K. Nozawa, Y. %sokoshi, M. Ishikawa, M. Takahashi
and M. Kinoshita,.Chem. Phys. Lett., 186, 401 (1991).

12. K. Awaga, T. Inabe, T. Nakamura, M. Matsumoto, Y. Kawabata and Y.
Maruyama, Chem. Lett., 1777 (1991).

13. K. Awaga,T. Inabe, T. Nakamura, M. Matsumoto and Y.Maruyama, Chem. Phys.
Lett., 195, 21 (1992),

14. K. Hirakawa and H. Kadowaki, Physica, 136B, 335 (1986).




