1096

Chemistry Letters Vol.36, No.9 (2007)

Organic Paramagnetic Ionic Liquids Based on Anion Containing 2,2,6,6-Tetramethyl-1-
piperidinyloxyl Radical Moiety

Yukihiro Yoshida,*' Hirofusa Tanaka,! and Gunzi Saito*!?
' Division of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-8502
2Research Center for Low Temperature and Materials Sciences, Kyoto University, Kyoto 606-8502

(Received June 6, 2007; CL-070609; E-mail: yoshiday @kuchem.kyoto-u.ac.jp, saito@kuchem.kyoto-u.ac.jp)

A series of genuine organic paramagnetic ionic liquids were
prepared utilizing 2,2,6,6-tetramethyl-1-piperidinyloxyl-4-sul-
fate (TEMPO-0OSO3) anion with S = 1/2 radical spin. Their
static susceptibilities and EPR spectra can be explained in terms
of the paramagnetic spins on the TEMPO radical moieties,
although they have much low fluidities and ionic conductivities.

The potential applications of organic radicals in molecular
spintronic devices have stimulated efforts to develop benign sta-
ble and magnetically active molecules.! The first organic neutral
radical was reported more than a century ago by Gomberg, who
synthesized a stable and persistent free radical triphenylmethyl.?
Most organic neutral radicals in existence are composed of
thiazolyl or nitroxide moiety, such as 1,3,5-trithia-2,4,6-triaza-
pentalenyl (TTTA) with room-temperature (RT) magnetic
bistability,> weak-ferromagnet 1,2,3,5-dithiadiazolyl radical
B-NCC¢F4CNSSN with a rather high critical temperature
(T. = 35.5K),* and the first organic paramagnetic liquid (z-
Bu),NO.3 Of particular note is that some heterocyclic thiazyl
radicals form an exclusive class of compounds which are essen-
tially paramagnetic in the liquid state, developed by Passmore
and his co-workers.® Recently, we have prepared RT molten
salts (ionic liquids) composed of 1-alkyl-3-methylimidazolium
cations (Scheme 1) and magnetically active inorganic Fe'"X,
(X: CI and Br) anions, which exhibit not only paramagnetic be-
havior (5.7-5.9 jtg) but also high ionic conductivity (<2.0 x
1072Sem™! at 25°C).7 Our particular interest is currently
centered on the exploration of genuine organic paramagnetic
ionic liquids. Herein, we report the preparation, characterization,
and properties of a series of ionic liquids based on 2,2,6,6-
tetramethyl-1-piperidinyloxyl-4-sulfate (TEMPO-OSOs3, see
Scheme 1) anions with S = 1/2 radical spin and 1-alkyl-3-
methylimidazolium cations with different alkyl chain lengths,
i.e., ethyl (EMI, 1), n-butyl (BMI, 2), n-hexyl (CcMI, 3), and
n-octyl (CgMI, 4).3

Na[TEMPO-0S03]-H,0O was synthesized according to the
literature procedure’ and recrystallized from acetone (53%
yield). The salts 1-4 were prepared by the metathesis of appro-
priate 1-alkyl-3-methylimidazolium chloride and Na[TEMPO-
0S03]-H,0 in dry acetone, washed by ethyl acetate/water
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Scheme 1. Chemicals in text.

Table 1. Several characteristic values of 1-4*

T, Tm Ta  0(70°C) [l (70°C)
/°C/Cc/oC /Sem™! /WB
EMI —22° 57 ca.200 2.0 x 10~* 1.72
BMI —27 —° ca. 230 1.4x 10~ 1.73
CMI  —27 —° ca.220 7.8 x 1075 1.68
CMI  —31 —° ca. 210 4.4 x 107 1.61

T, glass-transition temperature; Ty,, melting temperature;
T4, decomposition temperature; o, ionic conductivity; [,
effective magnetic moment. ®Detected by rapid cooling
(—=30°C min~1). °Not observed.

cation
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and/or chloroform/water, and dried under vacuum at 40°C
for 1 day. Whereas 1 is reddish crystalline solid, the salts 2—4
are reddish highly viscous liquid.!® No trace of Cl and Na was
detected for energy-dispersive X-ray spectroscopy (EDS).

Thermal data, as determined by DSC trace on heating proc-
ess, of 1-4 are summarized in Table 1. Crystalline 1 shows a
melting event at 57 °C, and the rapid cooling results in a glass
forming with a transition at —22°C. On the other hand, none
of liquids 2—4 crystallize on cooling, but show a glass transition
far below RT. All the salts decompose at 200-230 °C, implying
a liquid range over 140°C. It seems that the observed high
T, values are a reflection of the high cohesive ability of the
TEMPO moiety.

Because of their low fluidities and conductivities, in relation
to the high T,, the viscosity and impedance measurements are
available only at high temperatures. Viscosities of 1-4 show
the Arrhenius-type temperature dependence, although the values
are more than 400 cP even at 70 °C. On heating, ionic conductiv-
ity (0) of 1 rapidly increases up to 64 °C through melting, and
it then becomes relatively temperature-insensitive. The o value
at 70°C substantially exceeds the values of 2—4, namely the
ionic conductivity in the liquid state decreases as the alkyl chain
in the cations elongates (Table 1).

Whereas the salts 1-4 exhibit a broad Lorentzian-shaped
EPR signal at g = 2.0067-2.0068 in their neat condition, three
distinct signals associated with N hyperfine splitting (ay =
1.60mT) were observed in a 107>M chloroform solution

318 320 322 324 326 328
H/mT

Figure 1. EPR spectrum of 4 in a 107> M chloroform solution
at RT.
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Figure 2. Temperature dependence of x7 for 1 in an applied
field of 0.1 T on heating process. The dotted line indicates the
value expected for uncorrelated S = 1/2 spin system (0.375
emu K mol™"). The inset is the enlargement for the melting event
range. An arrow indicates the melting temperature (7r,).

(Figure 1 for 4). These observations give us firm evidence of an
existence of radical species on TEMPO moiety.!! In the neat
condition, the EPR linewidth (AH,,) steadily reduces as the
alkyl chain in the cations shortens in going from 4 (1.62mT)
to 1 (1.14mT). This trend is presumably associated with the
exchange narrowing, since the molar concentration is anticipated
to be higher in the present salts with shorter alkyl chain, as the
case of the FeX, (X: Cl and Br) salts.”

Static susceptibility ()) measurements under an applied
magnetic field of 0.1 T revealed that all the present salts exhibit
paramagnetic behavior at RT. Their effective magnetic moments
(M) at 70°C were estimated as values in the range of 1.61-
1.73 g, which resemble closely that expected for a paramagnet-
ic § = 1/2 state (spin only value is 1.73 ). Figure 2 shows the
temperature dependence of X7 for 1. On cooling from RT, the
XT value remains almost constant down to ca. 50 K through sol-
idification, where it begins to fall due to the antiferromagnetic
interactions between TEMPO radicals. There is no propensity
for long-range magnetic ordering down to 1.9 K, and the temper-
ature dependency below RT can be fit well to the Curie-Weiss
expression ¥ = C(T — 6)~!, with Curie constant (C) of 0.351
emu K mol~! and Weiss temperature (0) of —4.3 K. All the salts
in this study show similar temperature dependency below RT,
but the 7T of 1 is outstanding for its abrupt upturn of ca.
0.02emu Kmol~! just above its Ty, (inset of Figure 2). Such
behavior is markedly different from our earlier works on para-
magnetic ionic liquids [EMI][FeX4] (X: Cl and Br),’7d whose
XT values show a pronounced drop at around their 73, on heating
process. The source of the opposite x7 change remains very un-
clear to us, but it is more likely that a certain fraction of TEMPO
radicals in solid are magnetically correlated in ways that lead to
a diminished magnetic moment, since, on melting, the x7 value
approaches that expected for uncorrelated S = 1/2 spin system.

In summary, we prepared the first well-characterized
genuine organic paramagnetic ionic liquids based on an anion
containing TEMPO radical moiety. At RT, the BMI, C¢MI,
and CgMI salts are in a liquid form, whereas the EMI cation with
a shorter alkyl chain gives a crystalline salt with a melting event
at 57°C.

We are grateful to Dr. Hiroki Akutsu (University of Hyogo)
for his useful advices on the synthesis of Na[TEMPO-OSO3s]-
H,0. This work was in part supported by 21st Century COE
program on Kyoto University Alliance for Chemistry and

1097

Grant-in-Aid for Scientific Research (No. 15205019) from
MEXT. One of the authors (YY) also acknowledges the financial
support of Grants-in-Aid for Scientific Research (No. 17750126)
from JSPS.

References and Notes

1 a) Magnetism: Molecules to Materials II, Molecule-Based Materials,
ed. by J. S. Miller, M. Drillon, Wiley-VCH, New York, 2001.
b) J. Gregg, W. Allen, N. Viart, R. Kirschman, C. Sirisathitkul,
J. P. Schille, M. Gester, S. Thompson, P. Sparks, V. Da Costa, K.
Ounadjela, M. Skvarla, J. Magn. Magn. Mater. 1997, 175, 1. ¢)
J. M. D. Coey, J. Magn. Magn. Mater. 1999, 196-197, 1.

2 M. Gomberg, J. Am. Chem. Soc. 1900, 22, 757; Ber. 1900, 33, 3150.

W. Fujita, K. Awaga, Science 1999, 286, 261.

4 a) A.J. Banister, N. Bricklebank, I. Lavender, J. M. Rawson, C. L.
Gregory, B. K. Tanner, W. Clegg, M. R. J. Elsegood, F. Palacio,
Angew. Chem., Int. Ed. Engl. 1996, 35, 2533. b) F. Palacio, G.
Antorrena, M. Castro, R. Burriel, J. Rawson, J. N. B. Smith, N.
Bricklebank, J. Novoa, C. Ritter, Phys. Rev. Lett. 1997, 79, 2336.

5 A. K. Hoffmann, A. T. Henderson, J. Am. Chem. Soc. 1961, 83, 4671.

6 a) E. G. Awere, N. Burford, C. Mailer, J. Passmore, M. J. Schriver,
P. S. White, A. J. Banister, H. Oberhammer, L. H. Sutcliffe, J. Chem.
Soc., Chem. Commun. 1987, 66. b) W. V. F. Brooks, N. Burford,
J. Passmore, M. J. Schriver, L. H. Sutcliffe, J. Chem. Soc., Chem.
Commun. 1987, 69.

7 a) G. Saito, in Ionic Liquids: The Front and Future of Material
Development (in Jpn.), ed. by H. Ohno, CMC Pub., Tokyo, 2003,
pp. 137-143. b) Y. Yoshida, J. Fujii, K. Muroi, A. Otsuka, G. Saito,
M. Takahashi, T. Yoko, Synth. Met. 2005, 153, 421. ¢) Y. Yoshida,
A. Otsuka, G. Saito, S. Natsume, E. Nishibori, M. Takata, M. Sakata,
M. Takahashi, T. Yoko, Bull. Chem. Soc. Jpn. 2005, 78, 1921. d)
Y. Yoshida, G. Saito, J. Mater. Chem. 2006, 16, 1254.

8 Some RT ionic liquids composed of cations containing TEMPO
radical moiety have been reported, but no physical properties such
as magnetic moment and ionic conductivity are available in the
literatures: a) X.-E. Wu, L. Ma, M.-X. Ding, L.-X. Gao, Synlett
2005, 607. b) W. Qian, E. Jin, W. Bao, Y. Zhang, Tetrahedron
20006, 62, 556.

H. Akutsu, J. Yamada, S. Nakatsuji, Synth. Met. 2001, 120, 871.

10 1: Reddish crystalline solid (95% yield). "HNMR (400 MHz, DMSO-
dg) 6: 1.39 (t, 3H, J = 7.0Hz, CH;CH,), 3.90 (s, 3H, CH3), 4.17 (q,
2H,J = 7.0Hz, CH3CH,), 7.66 (s, 1H, CH), 7.74 (s, 1H, CH), 9.06 (s,
1H, NCHN). Calcd for C5H,3N305S: C, 49.70; H, 7.79; N, 11.59; S,
8.85; Cl, 0.00%. Found: C, 49.27; H, 7.83; N, 11.38; S, 8.69; ClI,
0.00%. 2: Reddish viscous liquid (72% yield). '"HNMR (400 MHz,
DMSO-dg) 6: 0.89 (s, 3H, CH,CH,CH,CH3), 1.24 (s, 2H,
CH2CH2CH2CH3), 1.75 (S, 2H, CH2CH2CH2CH3), 3.83 (S, 3H,
CH3;), 4.15 (t, 2H, CH,CH,CH,CH3), 7.69 (s, 1H, CH), 7.75 (s,
1H, CH), 9.09 (s, 1H, NCHN). Calcd for C;7H3;,N305S: C, 52.29;
H, 8.26; N, 10.76; S, 8.21; CI, 0.00%. Found: C, 51.49; H, 8.40; N,
10.57; S, 8.26; Cl, 0.00%. 3: Reddish viscous liquid (76% yield).
'"HNMR (400 MHz, DMSO-ds) 8: 0.86 (s, 3H, CH,CH,(CH,)3CH3),
1.26 (s, 6H, CH,CH,(CH;)3CH3), 1.77 (s, 2H, CH,CH,(CH;);CH3),
3.83 (s, 3H, CH3), 4.14 (s, 2H, CH,CH,(CH,);CHj3), 7.69 (s, 1H,
CH), 7.75 (s, 1H, CH), 9.09 (s, IH, NCHN). Calcd for C;9H3,N3505S:
C, 54.52; H, 8.67; N, 10.04; S, 7.66; Cl, 0.00%. Found: C, 54.00;
H, 8.61; N, 9.93; S, 7.92; Cl, 0.00%. 4: Reddish viscous liquid
(85% yield). 'HNMR (400MHz, DMSO-ds) &: 0.86 (s, 3H,
CH,CH,(CH,)sCH3), 1.25 (s, 10H, CH,CH,(CH,)sCH3), 1.78 (s,
2H, CH,CH,(CH,)sCH3), 3.84 (s, 3H, CHj3), 4.14 (s, 2H,
CH,CH,(CH,)sCHj3), 7.68 (s, 1H, CH), 7.75 (s, 1H, CH), 9.09 (s,
NCHN). Calced for C,HyoN305S: C, 56.47; H, 9.03; N, 9.41; S,
7.18; Cl, 0.00%. Found: C, 56.25; H, 9.09; N, 9.27; S, 7.30; Cl, 0.00%.

11 For example, J. Sunamoto, K. Akiyoshi, T. Kihara, M. Endo, Bull.
Chem. Soc. Jpn. 1992, 65, 1041.

W

Published on the web (Advance View) July 28, 2007; doi:10.1246/c1.2007.1096



