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Abstract: Nitronyl nitroxide derivatives carrying a hydroquinone or a resorcinol moiety B4@ihydroxyphenyl)-
4,4,5,5-tetramethyl-4,5-dihydra-timidazolyl-1-oxyl-3-oxide (HQNN) and 2-(F'-dihydroxyphenyl)-4,4,5,5-tet-
ramethyl-4,5-dihydro-#-imidazolyl-1-oxyl 3-oxide (RSNN)) have been designed and prepared. These compounds

were found to afford hydrogen-bonded crystals. In the
were obtained. Of these, the crystal structurexdfilQNN

case of HQNN, two phases of crystated(3-HQNN)
is characterized by the intramolecular hydrogen bond

between th@-hydroxy group and the nitronyl nitroxide and by the intermolecular one-dimensional hydrogen-bonded
chain between the- and p-hydroxy groups of the neighboring molecules, respectively. Two of the hydrogen-

bonded chains run in parallel, and they are connected by
groups of the facing molecules in the individual chain.

the bifurcated hydrogen bonds formed betwegdrthx
Tfevalue of this crystal increased monotonously with

lowering temperature (ST model,= +0.93 K, § = +0.46 K) and turned out to exhibit a ferromagnetic phase
transition at 0.5 K. On the basis of the heat capacity datdQNN was found to be a three-dimensional ferromagnet.

On the other hand, the crystal BfHQNN was characterized by the intermolecular hydrogen-bonded chain formed
between the hydroxy group at theetaposition and the nitronyl nitroxide and by the interchains stacking. The
magnetic interaction gf-HQNN was interpreted by the ferromagnetic ST model, and this ferromagnetic interaction

(J = +5.0 K) was accompanied by a weak antiferromagnetic interactiorr (—0.32 K) at lower temperatures.
Although the structural feature of the crystal of RSNN resembles that gEE@NN, it exhibited the antiferromagnetic
interaction predominantly (ST model,= +10.0 K, 8 = —4.0 K). These magnetic behaviors are consistent with
McConnell’'s theory, when the spin densities at the interacting sites connected by hydrogen bonds are taken into

account. Thus, it may be concluded that the hydrogen
crystals but also in transmitting spin polarization along

Introduction

A current topic in materials science is the construction of
novel organic spin systems which are not available from
conventional inorganic materials. Discovery of the first
genuine organic ferromagneknitrophenyl nitronyl nitroxide
(p-NPNN)2 in 1991, stimulated progress in this field and,
thereafter, some organic ferromagnets, tetramethyldiazaada
mantanedioxyl and benzylideneamino-TMP®O have been
reported successively. In particular, the magnetic interaction
in p-NPNN has been elucidated in detail by means of magnetic
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bond plays a role not only in constructing hydrogen-bonded
the hydrogen bond.

susceptibility, heat capacityySR? and neutron diffractioh
experiments. On the basis of these fortuitous discoveries of
organic ferromagnets, it is time to establish methodology for
designing organic crystal ferromagnets. A guiding principle
concerning intermolecular magnetic interaction among organic
radicals, typically for odd alternant hydrocarbons (AHC), is
McConnell’'s theory. The spin distribution of odd AHC is
characterized by alternation in signs and magnitudes at each
carbon aton®. When the spin-distributingr systems interact
intermolecularly, it is an energetically favorable mode of overlap
where carbon atoms having the opposite spin densities interact.
Accordingly, the signs of the largest spin densities of the
neighboring molecules should become the same, when the mode
of overlap satisfies the topological requirement intermolecu-
larly,® leading to the ferromagnetic intermolecular interaction
as shown in Figure la.
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Figure 1. (a) Spin alignment of an odd alternant hydrocarbon based
on McConnell's mechanism. (b) Open-shell molecule with hydrogen-

bonding sites. (c) Ferromagnetic coupling between open-shell molecules

through a hydrogen bond.

In order to realize such a relative orientation, it is crucial to
control the molecular arrangement of open-shell molecules in
crystals. In this respect, the introduction of a hydrogen-bonding
site into an open-shell molecule as an orientation controlling

Matsushita et al.

Table 1. ESR(g Factor, Hyperfine Coupling Constant, OH
Stretching Frequency, and Melting Point@HQNN, 5-HQNN,
and RSNN

ESR

g an (mT) IR (cnmh)P mp (°C)
a—HQNN} 3264, 3200-2500 (O-H) 109 (dec)
B-HONNJ 20061 0.756 3354 3500-2500 (OH) 108 (dec)
RSNN  2.0063 0748 3312, 3208 {®i) 75

21n benzene solutior?. KBr pellet.

Table 2. Crystallographic Parameters afHQNN, 5-HQNN, and
RSNN

crystal o-HQNN B-HQNN RSNN
mol wt 265.29 265.29 265.29
space group P2:/n P2i:/a P2i/n
a, 15.142(3) 10.586(3) 9.817(2)
b, A 12.320(1) 14.072(2) 19.817(4)
c A 7.196(1) 9.744(2) 6.993(1)
B, deg 99.18(2) 113.89(1) 108.07(1)
v, A3 1325.3(4) 1327.3(5) 1293.4(4)

4 4 4

T,°C 25 25 25
p,gcnrt 1.331 1.333 1.366
no. of refins 2204 1596 2220
no. of params 240 240 240
R 0.051 0.049 0.047
Rw 0.047 0.048 0.047

a| = 1.0 (Fo| < 20), 0.7 (20< |Fo| < 60), 200/FoJ2 (60 < |Fo|).

b| = 1.0 (Fo| < 50), 200/F,/? (50 < |F,|). ¢| = 1.0 (Fo| < 30), 500/

site (Figure 1b) intrigued us because the hydrogen bond leads|F 2 (30 < |F,)).

to a predictable crystal structute. If the hydrogen-bonding
sites are spin-polarized, it also plays a role in transmitting the
spin-polarization (Figure 1%L

In this paper, we examined the dimensionality of the magnetic
interaction ofa-HQNN in detail, based on measurements of

The first hydrogen-bonded organic ferromagnet was reported the magnetic susceptibility and the heat capacity at cryogenic

in 1994 by Sugawarat al'?2 This new nitronyl nitroxide
derivative, 2-(25-dihydroxyphenyl)-4,4,5,5-tetramethyl-4,5-
dihydro-1H-imidazolyl-1-oxyl 3-oxide (HQNN), carries a hy-

4

O,N\ N\O' o,N\ N\O'
OH
HO HO OH
HQNN RSNN

droquinone moiety as hydrogen-bonding site and affords two
phases of hydrogen-bonded crystais &nd 3-HQNN). The
a-HQNN, in particular, was found to exhibit a ferromagnetic
phase transition at 0.5 K. Meanwhile, Veciagtaal. prepared
several derivatives of phenyl nitronyl nitroxide derivatives
substituted with hydroxy group($¥:14In 1995, he reported the
ferromagnetic phase transition @fhydroxyphenyl nitronyl
nitroxide (Tc = 0.45 K)142 He also documented that utility
hydrogen bonds for constructing a magnetically coupled su-
pramolecular structure.

(20) (a) Etter, M. CAcc. Chem. Re499Q 23, 120. (b) Etter, M. CJ.
Phys. Cheml991 95, 4601-4610. (c) Aakery, C. B.; Seddon, K. RChem.
Soc. Re. 1993 22, 397—-407.

temperatures. The mechanism of the ferromagnetic interaction
was discussed, correlating the data with its crystal structure.
Contribution of the hydrogen bond to the transmission of the
spin polarization was elucidated using the deuterated sample
in reference to the hydroxy groups.Furthermore, the role of
the hydrogen bond af-HQNN in the intermolecular magnetic
coupling was discussed, comparing its magnetic data with those
of the 3-HQNN and of the nitronyl nitroxide derivative, 2*(3-
dihydroxyphenyl)-4,4,5,5-tetramethyl-4,5-dihydrid-imidazolyl-
1-oxyl 3-oxide (RSNN), substituted with a resorcinol moitty.

Results

Molecular Properties of Nitronyl Nitroxides. The synthesis
of HQNN and RSNN are described in the Experimental Section.
Crystallization of HQNN from ether afforded two phases of
crystals (-HQNN, block-shaped blue-purple crystgfisHQNN,
needle-shaped blue crystals). Crystallization of RSNN from
ethyl acetate afforded blue plates. Tdealues and hyperfine
coupling constants of HQNN and RSNN in benzene solution
are listed in Table 1, together with OH stretching frequencies
in IR spectra and melting points.

The Crystal Structures of o-HQNN, S-HQNN, and RSNN.
The crystal structures of both phases of HQNN and RSNN were
revealed by X-ray crystallography. The crystallographic pa-

(11) There are some reports about the magnetic interaction through rameters are listed in Table 2. Molecular structures and selected

hydrogen bonds in the transition metal complexes, see: Figgis, B. N,;
Kucharski, E. S.; Vrtis, MJ. Am. Chem. Sod993 115 176-18 and
references therein.
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E.; Rovira, C.; Stanger, J. L.; Turek, P.; Veciana].Mater. Chem1995
5, 243-252. (c) Cirujeda, J.; Ochando, L. E.; Amigd. M.; Rovira, C;
Ruis, J.; Veciana, JAngew. Chem., Int. Ed. Endl995 34, 55.
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Veciana, JMol. Cryst. Lig. Cryst.1995 271, 1-12.
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Figure 2. The molecular structure with the atom numbering schemea{dQNN, (b) 3-HQNN, (c) RSNN.

Table 3. Selected Bond Lengths (A) and Angles (deg) of groups in the parallel hydrogen-bonded chain are located in
a-HQNN, S-HQNN, and RSNN proximity to each other with the N©@ON distance of 3.159-
bonds or angles o-HQNN B-HQONN RSNN (2) A as shown in Figure 3c and Table 4. The situation is
01-N1 1.303(2) 1.296(4) 1280(2) Presumably derived from the bifurcated hydrogen bond formed
02-N2 1.272(2) 1.279(4) 1.287(3) by the two facing phenolic hydroxy groups and the NN groups.
C1-N1 1.332(2) 1.350(5) 1.353(3) These two doubly hydrogen-bonded chains are arranged in a
C1-N2 1.367(2) 1.364(5) 1.355(3)  herringbone-type structure as depicted in Figure 3d. There are
gif—((;:lz igg;gg 1:‘3123% i:gggg; CH---ON type contacts with the distance of 3.1_1(3) A between
03-C3 1.364(3) the methyl proton and_the NO group of the adjacent molecule
02-C5 1.370(3) 1.376(5) as shown by dashed lines (Table 4).
01 —H(01) 0.95(3) 0.91(4) 0.84(3) The unit cell of the3-phase crystal of HQNN contains four
02-H(02) 0.89(3) 0.88(6) crystallographic equivalent molecules with a space group of
03-H(03) 0.89(3) P2,/a as in the case of the-phase The phenolic hydroxy group
N1—-C1-N2 107.7(2) 106.7(3) 107.4(2) at Z-position participates in the intramolecular hydrogen bond
Cl-N1-01 125.7(2) 125.1(3) 126.2(2) with the oxygen atom of the NN group (Figure 2). The
C1-N2—-02 1259(2)  124.7(3)  125.6(2) intramolecular 0301’ distance of 2.616(6) A is slightly longer
gi:“%:g% ﬂfggg iﬁgg ﬂgg% than that ole-HQNN (Table 5). As a result, the degree of bond
alternation in the NN group is lessened to some extent—0O1
aromring-O1'—H(OY)  43(2) 36(3) 5(2) N1, 1.296(4) A, CEN1, 1.350(5) A, 02-N2, 1.279(5) A; Ct+
g;gm ;:zg_gg:ﬂgggg 42) 34) 13(2) N2, 1.364(5) A, respectively (Table 3). The twist angle between
arom ringNN plane 37.2(1) 37.2(1) 23:3(1) the NN plane and the phenyl ring is 37.2(8nd is almost the

same as that ofi-HQNN.

The phenolic hydroxy group at4position of 3-HQNN also
bond lengths and angles are given in Figure 2 and Table 3,forms the intermolecular hydrogen bond. The acceptor of the
respectively. Crystal packing ofi-HQNN, g-HQNN, and intermolecular hydrogen bond, however, is not the phenolic
RSNN are shown in Figures 3, 4, and 5, respectively. Geom- oxygen, but the oxygen atom of the NN group which does not
etries of the hydrogen bonds with selected intermolecular participate in the intramolecular hydrogen bond (Figure 4a).
contacts obx-HQNN, 8-HQNN, and RSNN are summarized in  Namely, the hydroxy group forms an intermolecular hydrogen

Tables 4, 5, and 6, respectively. bond with the NO group of the adjacent molecute( /,, —y
In o-HQNN, an asymmetric unit comprises one molecule and + %>, 2), the intermolecular O2-O2 distance being 2.777(4)
the unit cell contains four molecules with a space groupf A (Table 5). The hydrogen-bonded chain runs in a zigzag

n. The phenolic hydroxy group H(Olforms a strong intramo- ~ manner along tha-axis. Such hydrogen-bonded chains stack
lecular hydrogen bond (@1-01 2.507 (2) A) with the NN along thec-axis. The HQNN molecules in the stack are
group (N1-01) (Figure 2 and Table 4). This hydrogen bond dimerized as shown in Figure 4b. Within the dimer, HQNN

causes a bond alternation of the NN group; the-®1 and has the inversion symmetry with the molecules represented by
C1—N1 bond lengths at the hydrogen-bonded site are 1.303(2) (—x+ 1, —y + 2, —z+ 1). The oxygen atom of the NN group
and 1.332(2) A, respectively, whereas those of®2 and C1- is close to the C(1) of the NN group (3.781(4) A) of the

N2 at the opposite site are 1.272(2) and 1.367(2) A, respectively, molecule aboveyice versa, shown as an overlap mode A in
as shown in Table 3. The twist angle around the NN plane Figure 4c. On the other hand, interatomic distances of the NN
and the phenyl ring is 37.2(1) The hydroxy group Ot groups between dimers of mode B (Figure 4c) are longer than
H(OZY) also participates in an intermolecular hydrogen bond 4 A.

with the O2—H(OZ2) group of the translated molecule along In the crystal of RSNN® the unit cell contains four
the ¢ axis with a distance of 2.752(2) A (Figure 3a, Table 4). crystallographically equivalent molecules with a space group
This hydrogen bond forms a one-dimensional hydrogen-bondedof P2:/n. There is no bond alternation in the NN group due to
chain, consisting of HQNN molecules. A similar one- the lack of an intramolecular hydrogen bond (Table 3). The
dimensional chain runs in parallel with inversion symmetry twist angle between the NN plane and the phenyl ring is
between the two facing molecules (Figure 3b). Two facing NN 23.3(1}, and it is smaller than that of HQNN. In this crystal,
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a)

¢ -axis

Figure 3. Crystal structure ofi-HQNN: (a) Hydrogen-bonded array along thaxis, (b) Facing hydrogen-bonded arrays connected by bifurcated
hydrogen bonds, (c) Bifurcated hydrogen-bonded pair, (d) Projected figure alongui® Dashed lines show the-ND---H—C contact within the
ab-plane.

b-axis
c-axis

Figure 4. Crystal structure off-HQNN: (a) Hydrogen-bonded chain along theaxis, (b) Molecular stack along tteaxis, (c) Two modes of
overlap within the molecular stack.

the hydroxy groups at'3and 3-positions are hydrogen-bonded a hydrogen-bonded chain along thel 0 1 direction. This
intermolecularly with the oxygen atoms of the NN groups of hydrogen-bonded chain is slightly dimerized. While the
two adjacent molecules at both sites. They are related by thedistances of the hydrogen bonds are the same on one side of
inversion symmetry (Figure 5a). Both of the oxygen atoms of the molecule, they are slightly longer on the other side (Table
the NN groups of RSNN, in turn, are hydrogen bonded by 6). The hydrogen-bonded chains are stacked aloaglth 1
hydroxy groups of the adjacent molecules. Thus, the RSNN direction (Figure 5b). Since the stacking is dimerized, there
molecules are doubly hydrogen-bonded with each other, forming are two types of overlapping modes as depicted in Figure 5c.
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Figure 5. Crystal structure of RSNN: (a) Hydrogen-bonded chain
along the—1 0 1 direction, (b) Molecular stack alongeth 0 1direction,
(c) Two modes of overlaps within the molecular stack.

Table 4. Intermolecular Distances @f-HQNN?
r(H--A), r(D---A), O(D—H:+-A),
contact D-H---A A A deg
3-i Ol-H(01)---01 1.59(3) 2.507(2) 161(3)
3-ii 02—-H(02)---01* 1.87(3) 2.752(2) 170(1)
3-iii  C5—H(C5)---02* 2.78(3) 3.580(3) 140(1)
3-iv. O1T—H(OI)---0O1** 2.68(3) 2.999(2) 101(2)
3-v  OL--0O1* 3.159(2)
3-vi C4—H(C4)--02*** 3.11(3) 3.679(3) 109(1)

aSymmetry code: (*x,y, z+ 1; (**) —x, -y, —z+ 1; (**) —x
+ 1/2, Yy + 1/2, —-z+ 3/2.

Table 5. Intermolecular Distances g-HQNN?
r(H---A), r(D++A), O(D—H:-A),
contact D-H:+-A A A deg
4-i O1'—H(01)---01 1.73(4) 2.616(6) 165(4)
4-ii  02—H(02)---01* 1.90(6) 2.777(4) 176(2)
4-iii  02:--C1** 3.781(4)

asymmetry code: (*X + Y, =y + %5, z (**) —x + 1, -y + 2,
—z+ 1.

Table 6. Intermolecular Distances of RSNN
r(H---A), r(D---A), O(D—H---A),
contact D-H---A A A deg
5-i 0O1'—H(01)---01* 1.84(3) 2.742(2) 176(1)
5-ii 03 —H(03)---02** 1.89(3) 2.782(2) 177(1)
5-iii  Q2::C1¥** 3.727(2)

aSymmetry code: (*»x+2,-y+1,-z (*) —x+1,-y+1,
-z+1, (™) —x+1,-y+1,-z

The oxygen of the NN group (O2) is located close to the C1 of
the NN group of the dimeric counterpart with the intermolecular
distance of 3.727(2) A in mode A of Figure 5c (Table 5). Since
the overlap of the NN groups between the dimers (mode B) is
poor, the NN groups are located remote from each other.
Magnetic Property of a-HQNN, #-HQNN, and RSNN.
The 4T values for the polycrystalline samples afHQNN,
B-HONN, and RSNN are depicted in Figure 6. TfiEvalues

J. Am. Chem. Soc., Vol. 119, No. 19, 4993
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Figure 6. Temperature dependence of the magnetic susceptibility of
o-HQNN, S-HQNN, and RSNN.

Table 7. Exchange InteractionJ] of a Dimeric Pair and Weiss
Temperatured) of a-HQNN, S-HQNN, and RSNN

compd Jsilks, K 0,K
o-HQNN 40.93(3) 10.46(2)
B-HONN +5.0(1) -0.32(1)
RSNN +10(1) —4.0(2)

samples was assured. Th& values ofa-HQNN increased
monotonously in the entire temperature range measured. The
temperature dependence of the magnetic susceptibility of
o-HQNN was well reproduced by the ST modéik, = 0.93
K) with a positive Weiss temperature 6f= +0.46 K (eq 1).

_ Ngug’ 1
X7 (T — 0) 3+ exp(—2J/kgT)

While the experimental plot fgf-HQNN also increased with
lowering temperature, thgT value started to decrease at
temperatures lower than 3 K, exhibiting an antiferromagnetic
interaction. The plot was found to be best fitted by the ST
model with the ferromagnetic intradimer exchange interaction
of J/k, = 5.0 K with a negative Weiss temperaturefiof= —0.32
K. The plot for RSNN®was also reproduced by the ST model
with the ferromagnetic intradimer exchange interactiod/kf
= 10 K with a negative Weiss temperaturetof= -4.0 K. The
magnetic parameters of all samples are summarized in Table
7.

Magnetic Property of a-HQNN at Lower Temperatures.
The ac susceptibility ofi-HQNN increased rapidly around 0.5
K (Figure 7), suggesting that a phase transition to the ferro-
magnetic phase occurred at this temperature. Incidentally, the
magnetization at temperatures lower than the transition tem-
perature changed irregularly with lowering the temperature. To
clarify the nature of the low-temperature phase, the magnetiza-
tion curve above and beloWc was measured. Although the
magnetization at 733 mK was dependent linearly on the external
magnetic field, the magnetization curve at 80 mK exhibited a
rapid saturation at 100 Oe (Figure 8). Since the estimated
saturation value of the magnetization was very close to the
theoretical value (1 grmol™1), the phase transition could be
regarded as a bulk transition. It also showed a hysteretic
behavior, although the coercive force was very small (less than
20 Oe). The saturation value of the magnetization curve at 409

1)

of the three samples at room temperature were 0.383, 0.381,mK was ca. 70% of the corresponding value at 80 mK. This
and 0.377, respectively. Since these values were close to thandicates that about 30% of the spins still fluctuate thermally

xT value for the independerg = Y/, spin, the purity of the

at 409 mK.
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Figure 8. Magnetization curves of-HQNN measured at 733, 409,
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Figure 9. Temperature dependence of heat capacity-BIQNN. Insert

shows the change of the heat capacity by deuteration at lower
temperatures.
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The temperature dependence of the heat cap&gifaround
the T¢ is depicted in Figure 9. The heat capacity exhibited a
A-shaped anomaly with a peak at 0.42 K. The associated
entropy change was evaluated to be 5:K-3-mol-! by
integrating the area of the peak in tg/T—T plot, and the
obtained value was in accord with the theoretical valuR bf
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Figure 10. Magnetic susceptibility of the deuterated samples of
o-HQNN and RSNN together with the data of non-deuterated samples.
The experimental error in the SQUID measurement is in the range of
0.01%.

2 = 5.76 JK~1-mol~1 within experimental error. The result
gives independent evidence for the bulk nature of the phase
transition.

Magnetic Property of Deuterateda-HQNN, S-HQNN, and
RSNN. Deuterateda-HQNN, S-HQNN, and RSNN were
prepared by recrystallization from etharthl- The o- and
pB-phase crystals of HQNN were obtained by using a small
amount of the corresponding seed crystals.

In a-HQNN-d,, the IR spectrum of the crystal shows peaks
at 2434 and 1030 cnt which are assignable to the-D
stretching and the bending modes, respectively. Furthermore,
there is a broad peak at 18062100 cnt! assignable to the
hydrogen-bonded ©D stretching of the intramolecular hydro-
gen bond. These results suggest that both hydroxy groups are
deuterated. The percentage of deuteration of the sample was
estimated to be more than 70% on the basis of the intensities
of IR absorption peaks. The ratios of deuteratiofBdiQNN
and RSNN were also estimated to be more than 80% and 60%,
respectively.

The magnetic susceptibility of the deuterated samples was
measured at the temperatures ranging between 1.8 and 280 K,
using a SQUID magnetometer (main field 5 kOe). Thk
values of these samples at an ambient temperature assure the
purity of the samples. When the temperature dependence of
the magnetic susceptibility @f-HQNN-d, was compared with
the non-deuterated sample, thievalue at 1.8 K was decreased
from 0.600 to 0.570 em#-mol~! (Figure 10). The effect of
deuteration was more pronounced in the case of RSNN. Upon
deuteration, thgT value at 1.8 K increased from 0.078 to 0.280
emuK-mol™?, indicating the significant decrease in the anti-
ferromagnetic interaction. IB-HQNN, the effect of deuteration
on the magnetic interaction is found to be negligible.

The temperature dependence of the heat capacity of 70%
deuteratedx-HQNN-d, showed a broad-shaped anomaly in
the temperature range 0:38.40 K (see insert in Figure 9).
The peak position was shifted to the lower temperature side
compared with the non-deuterated sample.

Discussion

Molecular Design of Free Radicals Having Hydrogen-
Bonding Sites. We designed phenyl nitronyl nitroxide deriva-
tives substituted with hydroxy groups (HQNN and RSNN) to
form hydrogen-bonded crystals. The spin distribution of phenyl
nitronyl nitroxide (PhNN) has been investigated in detail by
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practically the same as those of PhNN and other nitronyl
nitroxide derivatives, the spin densities of HQNN and RSNN
are practically the same as those of PhNN.

In HQNN, two hydroxy groups are introduced at and 5-
positions carrying negative and positive spin densities, respec-
tively. The signs of spin densities on the oxygen and the
hydrogen atoms of the hydroxy group should be same as the
o.i ipso carbon atom because of the contribution of the hypercon-

¥ jugation between the-spin on theipso carbon atom and the
lone pairs of electrons of the oxygen atom or the OH bond
(Figure 11cp! Accordingly, the spin distribution on the

H, /Hi hydroxy groups of HQNN should be depicted as shown in

Figure 11c?? If the intermolecular hydrogen bond is formed
O G& between these two sites, the spin polarization may be transmitted
b) N—"i"’\ along the hydrogen bond, leading to the ferromagnetic inter-
i’z/k /\ molecular interaction. On the other hand, the magnetic interac-
N tion in RSNN may be opposite to the previous case because
| the hydroxy groups are introduced at &8nd 3-carbons which
© carry positive spin densities (Figure 11e).

Correlation between the Crystal Structures and the
Magnetic Properties of a-HQNN, #-HQNN, and RSNN. In
the o-phase crystal, the one-dimensional hydrogen-bonded
chains are constructed through the intermolecular hydrogen bond
between the phenolic hydroxy groups at'@sd C2 carbons
belonging to the neighboring molecules, respectively (Figure
3a). Since the signs of spin densities at these sites are opposite,
the spin polarization should be transmitted ferromagnetically
in accord with the McConnell mechanism (Figure 12a). In fact,
the intermolecular ferromagnetic interaction was detected by
magnetic measurements in this crystal.

It is to be noted that there is a bifurcated hydrogen-bonded
pair connecting the two parallel hydrogen-bonded chains. In
this pair, the intermolecular distance between the oxygen atoms
of the NN groups O(2(a)O(2(b)) is as short as 3.16 A (Figure

b #_F ©) #_P 3c). Although such a proximity of radicals usually causes the
antiferromagnetic interaction, the experimental result suggests
oiN\ Nio- oiN\ Nio . the presence of ferromagnetic interaction even at this site. In
OHY this respect, the ferromagnetic interaction through the hydrogen
' bond is considered to predominate over the antiferromagnetic
iHé ng éHi through-space N&-ON interaction (Figure 12b). The presence

] S ] o of the ferromagnetic intermolecular interaction in this contact
Figure 11. (a) Spin distribution on the phenyl nitronyl nitroxide. (b)  \ya5 reproduced through theoretical calculation by Yamaguchi
Spin polarization at the methyl hydrogen of nitronyl nitroxide derived et al3 When theo-hydroxy groups are removed, the model

from & hyperconjugation between thaadical and the €C bond. (c) system exhibits a large antiferromagnetic intermolecular interac-

Spin-induction mechanism at an oxygen atom and a hydrogen atom of . d he cl f th hi It
the hydroxy group. (d) Signs of spin densities on the hydroxy groups 110N dué to the close contact of the NO groups. This result is

of HONN. (e) Signs of spin densities on the hydroxy groups of RSNN. Strong evidence for the transmittance of ferromagnetic coupling
. . . . through the hydrogen bonds.
ESR}"NMR,*® neutron diffraction experimen,and theoretical Although one may predict the low dimensionality in the
as follows (Figure 11a): First, most of the spin densities are
equally shared by two NO groups. Second, a large negative (21) The spin density on the hydroxy group in the model spin system,
i ity i CH,OH radical, was calculated by MNDO-PM3/UHF using MOPAC
spin dens_i_'it]Y ('js Obselrved on the fl at.on(] between thﬁ two bNOversion 6.0 (QCPE No. 445 Stewart, JQCPE Bull. 1990 10 (4), 86).
groups. Ird, an ate_mat_'on In the spin densities on the carbonyhen the dihedral angef) = OHCOH, is @, the spin density on the
atoms of the phenyl ring is noted. Fourth, the methyl protons hydrogen atom of the hydroxy group is nearly equal to 0, and increased to
of the NN groups have significant nega‘[ive Spin densities, 0.08 at 90 following the sir? 6 relation. On the contrary, the spin density

- - : - on the oxygen atom is 0.10 af,0and it decreases following the éo&
derived from the positively polarized methyl carbons (Figure relation. It falls to—0.04 at 90 crossing zero at around G0According to

11b). Since theg values and the hfs parameters, determined this result, both the hydrogen and the oxygen atoms of the hydroxy group

by ESR spectra of HQNN and RSNN in benzene solution, are have the same sign of spin densities aspsecarbon atom in the dihedral
angle range of B-60°. Such a result does not conflict with the qualitative

(17) Neely, J. W.; Hatch, G. F.; Kreilick, R. W. Am. Chem. Sod974 explanation in the text.
96, 652-656. (22) Recently, the spin densities on the hydroxy groups of HQNN were
(18) D’Anna, J. A.; Wharton, J. HJ. Chem. Phys197Q 53, 4047 determined by the high-resolution solid state NMR experiment. The result
4052. is consistent with result which is described in this paper.: Takeda, S.;
(19) Zheludev, A.; Barone, V.; Bonnet, M.; Delley, B.; Grand, A.; Maruda, G.; Oda, A.; Yamaguchi, K.; Matsushita, M. M.; Izuoka, A;
Ressouche, E.; Rey, P.; Subra, R.; Schweized. Am. Chem. S0d994 Sugawara, Symposium on Molecular Structure, Fukuoka, Japan, 1996, Abstr.
116, 2019. 2P3a57, p 312.
(20) Yamaguchi, K.; Okumura, M.; Nakano, I@hem. Phys. Letl.992 (23) Oda, A.; Kawakami, T.; Takeda, S.; Mori, W.; Matsushita, M. M;

191, 237. Izuoka, A.; Sugawara, T.; Yamaguchi, Klol. Cryst. Lig. Cryst.in press.
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f the methyl hydrogen atoms having negative spin densities and
Figure 12. Spin transmission along the hydrogen bondx#iQNN. the oxygen atoms of the nitroxyls having large positive spin

(a) Ferromagnetic interaction along the hydrogen-bonded chain. The gensities

CH---ON type contact along this direction also contribute to the Since the temperature dependenceasHQNN was best
ferromegnetic interaction. (b) Ferromagnetic interaction between the ;oo ated by the ST model with the positive Weiss temperature,
doubly bifurcated hydrogen-bonded pair. (c) Ferromagnetic interaction

through a CH-ON type contact within thab-plane. the magnetic interacti(_)n may be bes’g interpreted by t_he following
model. The strong dimeric interaction may be assigned to the
pair of HQNN connected by the bifurcated hydrogen bond. The
ferromagnetically coupled pair is, then, surrounded by neighbor-
&ng pairs three-dimensionally as schematically shown in Figure
13. When the crystal structure is examined more closely, it is
noted that one pair is surrounded by six neighboring pairs. Two
pairs are located along the hydrogen bond. The other four pairs
are located in thab-plane through CH-ON interactions. Such

is examined more closely, one may notice that the oxygen atom@ _mol_ecular packing is consistent with the experimental data
of the NN group is located close to one of the methyl hydrogen (vide infra). .
atoms of the NN group of the adjacent molecule. The methyl N /-HQNN, the oxygen atom of the NN group is hydrogen-
hydrogen atoms, in fact, are found to be spin-polarized bqnded to the_ phenolic _OH group of the adjacent. molecule
negativelyl’-20 Since the carbon atom of the methyl group, (Figure 4). 1t is energetically favorable that the spins at the
which is parallel to the p orbital of the nitronyl nitroxide moiety, interacting site are ahgned in an antiparallel manner. S|nce_ the
has the positive spin density, presumably through the hyper- SIgns of the spin densities at_t_he oxygen atom of the l_\IN moiety
conjugative mechanism, the hydrogen atoms of the methyl group@nd the OH group at Cfposition are the same, the intermo-
are assumed to be spin-polarized negatively (Figure 11b). Thus lecular interaction between these two sites leads to an antifer-
the CH+-ON interaction should increase the dimensionality of romagnetic interaction. In fact, the antiferromagnetic interaction
the magnetic interaction in this crystal (Figure 12c). Inciden- IS detected in the low-temperature regidn ¢ 3 K). On the
tally, this type of contact is also observed in the hydrogen- othgr hand, the magnetic interaction at the.hlgher temperature
bonded chain of--HQNN (Figure 3b). Such contact should "€gion T > 3 K) is ferromagnetic. This ferromagnetic
cooperate with the intermolecular hydrogen bond to reinforce Interaction cannot be interpreted by the coupling through the
the ferromagnetic interaction along this chain (Figure 12a).  hydrogen bond but can be rationalized by the through-space
This CH--ON interaction has been already pointed out in %7 type interaction between the oxygen atom and thg carbon
several cases!3.1424/ecianaet al. discovered thab-hydroxy- atom of the NN groups of the molecule below, the distance
pheny! nitrony! nitroxide ¢-HPNN) exhibits a ferromagnetic ~ P&tween O2 and C1 being 3.78 A (overlap mode of A in Figure
phase transition at 0.4 Ka o-HPNN does not form a one-  4C)- As these two sites have large and opposite signs of spin
dimensional hydrogen-bonded chain, due to the lack of an densities, this contact satisfies the McConnell’s situation (Figure
additional hydroxy group at osition compared with HQNN. 14b). Similar orientatior) in other ferrom;aSgnetic NN crys_tals
The three-dimensional ferromagnetic interaction observed in this @S been reported and discussed by &)= Ferromagnetic
crystal is ascribed to the GHON type interaction between the ~Interaction from this interaction ii-HQNN is considered to
methyl group and the nitrony! nitroxide group of the adjacent P& dimeric on the basis of the crystal structure. Thus, the
molecule. Nogamét al. also reported that the ferromagnetic structural feature is consistent with the ST model with the
interaction in the TMPOs may be caused by the contact betweenPOsitive intradimer interaction, accompanied by the negative

: . - _ ~ Weiss temperature.
) (24) Computatlo_nal stuqles lof the intermolecular magnetic interaction Coexistence of ferro- and antiferromagnetic nteraction was
in the hydrogen-bridged nitroxides were performed by Yamagathil,,

see: Kawakami, T; Takeda, S; Mori, W; Yamaguchi Ghem. Phys. Lett. ~ @lSO recognized in the crystal of RSNN, as in the case of
1996 261, 129-137 and references therein. B-HONN. The origin of these magnetic interactions resembles

crystal structure, the magnetic interaction in HQNN was
interpreted to be of a three-dimensional character, judged from
the heat capacity data. The result suggests that the magneti
interaction along the hydrogen-bonded chain is not exceptionally
strong, but comparable to other interactions. Therefore one
should examine the magnetic interactions other than that through
the hydrogen bonds. When the crystal structure-¢iQNN




Hydrogen-Bonded Organic Ferromagnet J. Am. Chem. Soc., Vol. 119, No. 19, 4997

a) Table 8. Ratio of Tc/6 and the Entropy of the Spin Syster&) in
"\1 the Lower Temperature Region thds and that & — &) in the
0 oH o\ Higher Temperature Region thdp?
by N model or crystal Tc/O <, % S — &, %
N mean field 1 100 0
N U P ! Ising s.c. Z = 6) 0.75 81 19
N Ising diamondZ = 4 0.67 74 26
Heisenberg f.c.c 0.67 67 33
Heisenberg b.c.c 0.63 65 35
Heisenberg s.c. 0.56 62 38
o-HQNN 0.56 60 40
b) /—\ a&: entropy change betwed K andTe. S.: entropy change of
9+N\$/N o phase transition.
0$N/;\N$é of Tc and @ is known to reflect the dimensionality of the spin
L/ interactior?® While the ratio Tc/6) is equal to 1 in the

molecular field approximation, it decreases together with a
decrease in dimensionality of the spispin interaction. The

c) ratio for a-HQNN is estimated to be 0.5TT¢ = 0.42 K,0 =
Y é o 0.82 K), and the value is close to that of the three-dimensional

\)—F \‘\“H/ “H Heisenberg modell/6 = 0.56 for a simple cubic lattice).
OT,N U N%o“‘\“ The relative ratio of the entropy in the temperature region

lower thanTc (&) and that in the higher regiorg{ — &) is

\ 0$N N%o evaluated to be 0.6€0.40. Since the ratio should increase

accompanied by the decrease in the dimensionality of the-spin
spin interaction, it also serves as a scale to estimate the

Figure 14. Plausible mechanism of spin transmissiorfdiQNN and dimensionqlity of.the s.pin syste?ﬁ.ThQ obtained value suggest
RSNN: (a) Antiferromagnetic interaction along hydrogen bond in that the dimensionality otx-HQNN is close to the three-
B-HQNN, (b) Spin coupling between two nitronyl nitroxides through ~ dimensional Heisenberg moded € 6) as shown in Table 8.
the 7—a type interaction, (c) Antiferromagnetic interaction along the These results also substantiate the picture of the spin system
doubly hydrogen bonded chain in RSNN. discussed previously.

Effect of Deuteration on the Magnetic Property of
that of S-HQNN. Namely, the dimeric ferromagnetic interaction o-HQNN, #-HQNN, and RSNN. Generally, the H-X bond
of RSNN originates from the through-spaedype interaction  distance is shortened by substituting hydrogen with deuterium.
within the dimer along the stacking direction (Figure 5c). The |n the case of a hydrogen bond, the shortening of theDO
close contact is recognized between the oxygen atom of thebond causes an elongation of the hydrogen bond dist&Atfes.
NN group and the C1 of the NN group of the molecule the hydrogen bond contributes to the transmission of the spin
underneath (mode A overlap). On the other hand, the strongpolarization, the deuteration should affect the degree of the
antiferromagnetic interaction is observed in RSNN. This intermolecular magnetic interaction. In fact, the apparent
interaction may be resulted from the double intermolecular ferromagnetic interaction af-HQNN decreased upon deutera-
hydrogen bonds between the hydroxy groups substituted gt C(3 tion of the hydroxy groups. Namely, thel value at 1.8 K
or C(8) positions and the oxygen atoms of the NN groups decreases by 5% (from 0.60 to 0.57 ektmol~1) for the 70%
(Figure 5a), because the magnetic interaction through thesedeuterated sample.
hydrogen bonds is antiferromagnetic as described in Figure 14c. |n -HQNN, the effect of deuteration on the magnetic
This antiferromagnetic interaction should be enhanced signifi- interaction is found to be negligible. Since the through-space
cantly because of the presence of the double hydrogen bondsinteraction predominates over the interdimer interaction through
One may notice that the double hydrogen-bonded patternthe hydrogen bond, the result is not an unexpected one.
observed in RSNN resembles that@HQNN, although the The effect of deuteration on RSNN is much more pronounced
nature of the intermolecular magnetic interaction is the reverse. than that or3-HQNN. The magnetic susceptibility increases
The absolute degree of the magnetic interaction of RSMN ( by 350% (from 0.08 to 0.28 emki-mol~%) at 1.8 K for the
= 4 K), however, is much stronger than thateHQNN (|J| 60% deuterated sample. This is reasonable because the
= 0.95 K). The reason may be ascribed to the geometrical hydrogen bonds in RSNN are stronger and doubly-formed.
difference related to the double hydrogen bonds in these two  Although the detailed discussion on the structural change in
crystals. Inthe case @-HQNN, two NO groups are arranged  the deuterated sample should await determination of the crystal
in proximity by the double bifurcated hydrogen bonds. The strycture, the change in the magnetic interactions in these
close contact of the NO groups aHQNN is considered to crystals @-HQNN, 8-HQNN, and RSNN) is consistent with
cancel the ferromagnetic intermolecular interaction through the the interpretation that the magnetic interaction is transmitted
hydrogen bonds. On the other hand, two NO groups in RSNN through the hydrogen bond.
are located far apart in the double hydrogen bonds. Thus, these The maximum of the heat capacity was shifted to the lower
experimental results may be considered as evidence for thetemperature side, and the peak was broadened compared with
transmission of the spin polarization through the hydrogen that of the hydrogen counterpart. The shift to the lower

bonds. . ) temperature indicates the decrease in the magnetic interaction

Dimensionality of Magnetic Interaction of o-HQNN. .
Dimensionality of the magnetic interaction is closely related to 19%5)15;”5883' F.L.; Luneau, D.; Laugier, J.; ReyJPAm. Chem. Soc
the mechanism of the spin ordering. dfHQNN, the anomaly (26) Jongh, L. J.; Miedema, A. Rdv. Phys 1974 23, 1.

in the heat capacity is observed at 0.42 K (Figure 9). Theratio (27) Ichikawa, M.Acta Crystallogr.1978 B34, 2074-2080.
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Scheme 1
CHO —1—NHOH HO—p
g | —1—NHOH H N PbO, oMy N~o.
\\(OH)z i\' " i\'
(OH), (OH),
2a25b35) 3@2,5b3,9) s R

of the deuterated sample. The broadening of the peak may ariséhydrogen bond may be utilized as the “spin coupler”. Thus it
from the inhomogeneous distribution of the deuterated hydroxy may play an important role in designing various artificial spin
groups due to the incomplete deuteration. systems.
Effect of Introduction of Hydrogen Bonds on the Magnetic
Property of Phenyl Nitronyl Nitroxides. The intermolecular ~ EXxperimental Section
ferromagnetic interaction was detected in the crystals of both  preparation. Two new nitronyl nitroxide derivatives were synthe-
a-HQNN andB-HQNN in terms of the temperature dependence sjzed from corresponding formyl compounds as shown in Scheme 1
of the magnetic susceptibility. When the other phenyl nitronyl according to the ordinary methéd.
nitroxides with hydroxy group(s) are taken into account, the ~ HQNN (2-(2,5-Dihydroxyphenyl)-4,4,5,5-tetramethyl-4,5-dihy-
ferromagnetic interaction is detected in six ca$é4. Judging dro-1H-imidazolyl-1-oxyl 3-Oxide) (1a). In a 100 mL round-bottom
from these results, introduction of hydroxy groups to phenyl flask were placed 1.94 g of 2,5-dihydroxybenzaldehya# (14 mmol),
nitronyl nitroxides may contribute not only to constitute 1.80 g of 2,3-dimethyl-2,3-dihydroxylaminobut&f¢12 mmol), 0.07
appropriate hydrogen-bonded crystal structures but also to9 of 2,3-d|methyl-2,3-(d|hydroxylam|n|um)butane sylfonate (catalyst),
transmit the spin polarization intermolecularly. The correlation 219 # g ofcrushed 3A molecular sieves under a nitrogen atmosphere.
between the magnetic property and the hydrogen bond pattemrTno this mixture Wa_s'added 50 mL of benzene containing 5% of
. ) ethanol. After stirring for 4 days, the solvent was removed by
of a-HQNN, 5-HQNN, an.d RSNN turngd out to be rationalized evaporation, 50 mL of CHGWwas added, and the mixture was filtered.
by McConnell's mechanism. In the bifurcated hydrogen bond The residue was washed with CHQiwvice over a filter, and the
of a-HQNN, the intermolecular magnetic interaction might have condensation product was extracted with THF. After evaporation, the
become antiferromagnetic, unless the ferromagnetic interactioncyclic bis(hydroxylamine)3a) was obtained as white powder: 2.86 g
through hydrogen bonds predominates over the antiferromag-(88%). NMR (270 MHz, acetonds): ¢ = 7.42 (1H, br.si-OH), 6.71
netic interaction caused by the close contact of the NO groups.(1H, d,J = 2.93 Hz, Ar-H), 6.61 (1H, dd] = 2.93, 8.79 Hz, Ar-H),
Thus, the presence of the ferromagnetic route through the 6-50 (1H, d,J = 8.42 Hz, Ar-H), 4.68 (1H, s, methine-H), 1.20 (6H,

hydrogen bond was proved experimentally. On the other hand, S: Methyl-H), 1.14 ppm (6H, s, methyl-H). Under a nitrogen atmos-
the CH--ON interaction and ther—sx interaction cannot be phere, 208 mg oBa (cyclic bis(hydroxylamine)) (7.8 mmol) was placed
. e . . . in a 50 mL round-bottomed flask. Dried THF of 10 mL was added,
ignored. Utilization of the latter interactions, however, is

e . . . and the mixture was stirred at room temperature. A mixture of 1.0 g
difficult in the crystal engineering. On the contrary, the o ppQ, and 200 mg of crushed molecular sieves (3A) was added into

hydrogen bond is powerful and predictable for constructing the solution and stirred for 10 min. The solution was filtered off through
crystal structures and also effective in aligning electron spins a Celite pad to yield a dark blue solution. After condensation, the
intermolecularly based on the McConnell mechanism. Further- oxidized product was purified by silica-gel column chromatography
more, hydrogen bonds can be formed between such variouswith diethyl ether as an eluant. Fractions colored blue were collected
functional groups as hydroxyenones, carboxy, amido, etc. Thusand dried over sodium sulfate and filtered off. A purple oil (HQNN,
the hydrogen bond may be applicable widely to control the 1a) of 170 mg was obtained by removing the solvent; 88% yield. ESR
molecular arrangement of organic radicals. Although the crystal (benze”f)ig = 2.0061,ay = 0.756 mT (2N). Mass (FAB): Obsd
design for organic ferromagnets is extremely difficult at the (M * 1" =266 (calcd GaHiN:0s = 265). UV (THF): Amax = 347

€ > 7000), 580 ¢ = 410), 630 nm { = 270). Crystallization of
g:gﬁgitnzt?r?fﬁi;hrishpyggfgen bond methodology seems to b QNN. A purple oil of HQNN was mixed with 30 mL of diethyl

ether. Then the dark blue solution was stored in a refrigeratdr (
) °C) under a nitrogen atmosphere. After 4 h, block-shaped blue-purple
Conclusion crystals @-phase), ca. 0. 0.4 x 0.2 mm in size, were obtained.

We designed and prepared nitronyl nitroxide derivatives When the solution was stored in a freezer«(10 °C), needle-shaped

. . - . crystals (-phase) were obtained. Both phases can be obtained
carrying a hydroquinone or a resorcinol moiety (HQNN and selectively by using a seed crystal at room temperatuwephase

RSNN),tO form hydrogen—bon_ded cry§tals. In all cases, the crystal. IR (KBr): 3270 (OH), 1480, 1332 cni (nitronyl nitroxide).
magnetic behaviors are consistent with McConnell's theory, A calcd. for GaH:1N,0x C., 58.85: H. 6.46: N, 10.56. Found: C,
when the spin densities at the interacting sites through hydrogensg gg; H, 6.47; N, 10.54. Mp: 109C (dec). f-phase crystal. IR
bonds are taken into account. Among therdtiiQNN turned (KBr): 3320 (OH), 1489, 1456, 1426, 1326 chrnitronyl nitroxide).
out to exhibit a ferromagnetic phase transition at 0.5 K and it E.A. calcd for GsH:17/N:0Os: C, 58.85; H, 6.46; N, 10.56. Found: C,
is a first organic ferromagnet which is constructed by hydrogen 58.78; H, 6.46; N, 10.53. Mp: 108 (dec).

bonds!2 To connect the spin polarized sites more decisively ~ RSNN (2-(3,5-Dihydroxyphenyl)-4,4,5,5-tetramethyl-4,5-dihy-

in an appropriate mode, it may be effective to utilize hydrogen dro-1H-imidazolyl-1-oxyl 3-Oxide) (1b). Ina 30 mL round-bottom
bonds at multisites. The utilization of hydrogen bonds may also flask were placed 0.244 g of 3,5-dihydroxybenzaldehyde) (1.8
be effective in controlling the magnetic property through the mmo:)’ 0.243 g foé 2'3.'d'mﬁtlhél'(z'3fr?'hydr°i(yla.m'”°)b”ta”e (1'|7
switching of hydrogen bond8. Although it is crucial to induce mmol), 66 mg of 2,3-dimethyl-2,3-(dihydroxylaminium)butane sul-

significant spin densities on the hydrogen-bonding sites, the (29) (a) Osiecki, J. H.; Ullman, E. B. Am. Chem. Sod968§ 90, 1078.

(b) Ullman, E. F.; Osiecki, J. H.; Boocock, D. G. B.; Darcy, R.Am.
(28) Byrn, S. R.; Curtin, D. Y.; Paul, I. Cl. Am. Chem. S0d972 94, Chem. Socl1972 94, 7049.

890-898. (30) Lamchen, M.; Mittag, T. WJ. Chem. Soc. @966 2300.
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fonate, ad 1 g of crushed molecular sieves (3A), under a nitrogen

J. Am. Chem. Soc., Vol. 119, No. 19, 4993

|Fol? (50 = |Fo); S= 0.73; maximum and minimum heights in final

atmosphere. To this mixture was added 20 mL of benzene containing difference Fourier syntheses were 0.350 aitd272 e A3; max (shift/

5% of methanol. After stirring 3 days, the solvent was removed by
evaporation. The residue was washed with CH®ice over a filter,
and the crude condensation product was extracted with THF. After
evaporation, the cyclic bis(hydroxylamingh) was obtained as white
powder: 0.371 g (83%). NMR (270 MHz, DMS@): ¢ = 8.96 (2H,
d,J = 3.3 Hz,—OH), 7.66 (2H, dJ = 3.48 Hz, N-OH), 6.37 (2H, d,
J=2.38 Hz, Ar-H), 6.07 (1H, s, Ar-H), 4.27 (1H, d, methine-H), 1.02
(12H, t, methyl-H). Under a nitrogen atmosphere, 0.371 g of the cyclic
bis(hydroxylamine) (1.38 mmol) was placed in a 100 mL round-
bottomed flask. Dried THF of 60 mL was added into the flask, and
the mixture was stirred. A mixture of 2.5 g of Ppénd 1 g ofcrushed
molecular sieves (3A) was added into the solution, and the mixture
was stirred for 4 h. The solution was filtered off through a Celite pad
to yield a dark blue solution. After condensation, the oxidized product
was purified by silica-gel column chromatography with ethyl acetate
as an eluant. A blue fraction was collected and dried over sodium
sulfate and filtered off. The obtained crude crystals were dissolved in
ethyl acetate and stored in refrigeratae4( °C) under a nitrogen
atmosphere. Blue plates were obtained: 170 mg (46%). IR (KBr):
3311, 3207(0OH), 1372, 1343 cri{nitronyl nitroxide). E.A. calcd for
C13H17/NO4: C, 58.85; H, 6.46; N, 10.56. Found: C, 58.63; H, 6.42;
N, 10.30. Mp: 75°C. ESR (benzene)g = 2.0063,ay = 0.748 mT
(2N).

X-ray Data Collection and Structure Determination. The crystal

esd)= 0.223 B of H[C(4)]1). RSNN. A blue plate crystal of RSNN
with dimensions of 0.40< 0.36 x 0.16 mm was used for analysis.
The intensity data were measured at ambient temperatusean (4

< 26 < 55°), scan speed 4 dagin!, -10<h < 12,0< k< 25,0

< | < 9. Three standard reflections (5 3 2, 2 10 Od &4 3)were
measured every 200 reflections and showed no significant variations
throughout the data collection; of 3316 reflection§ & 26 < 55°)
measured, 2220 independent reflectiofs ¥ 30(F.)) were used for
analysis Rt 0.025). Absorption correction was not applied.
Anisotropic thermal factors for all non-hydrogen atoms and isotropic
thermal factors for hydrogen atoms were used for final refinement; 240
parametersR = 0.047 andS = 0.58; maxium and minimum heights

in final difference Fourier syntheses were 0.474 ar®l190 e A3,

max (shift/esdy= 0.044 & of H[O(4)]).

Magnetic Measurements. ESR spectra were recorded by using a
JEOL JES-RE2X X-band (9.4 GHz) spectrometer equipped with a
Advantest TR-5212 frequency counter. The magnetic susceptibility
of the polycrystalline samples were measured on a Quantum Design
MPMS-5S SQUID susceptometer working at the field strength of 0.5
T in the temperature range +880 K. The contribution of the sample
holder and the diamagnetism of the sample were estimated from high-
temperature extrapolation and then substructed to yield a paramagnetic
component.

structures of both phases of HQNN and RSNN were revealed by X-ray — pc Susceptibility and Low-Temperature Magnetization of

crystallography. Crystals were mounted on a Rigaku AFC-5 four-circle
diffractometer equipped with graphite-monochromatized Morkdia-

tion. The unit cell parameters were obtained by a least-square fit of

the automatically centered setting from 25 reflections. In all cases,

the positions of non-hydrogen atoms were obtained by direct methods

using SAPI-85! or SHELXS-862packages. The positions of hydrogen
atoms were introduced by difference Fourier maps. Anisotropic thermal
factors for all non-hydrogen atoms and isotropic thermal factors for
all hydrogen atoms were applied for refinement by using UNICS-III
system® The crystallographic parameters are listed in Table 2. Atomic

o-HQNN. The ac susceptibilityyg) of a-HQNN was measured down
to 40 mK in a®He—*He dilution refrigerato* at the ac magnetic field
of about 10 mT (127 HZJ> The magnetizations at 80, 409, and 733
mK were measured with a standard integration method similar to that
described previousl|s

Heat Capacity of o-HQNN. The heat capacity ofi-HQNN was
measured in the temperature range 0:0828 K in a®He—*He dilution
refrigerator with a usual adiabatic heat pulse method. To obtain
information on the spin ordering from the heat capacity data, it is

coordinates, bond lengths and angles, and thermal parameters wereecessary to exclude the phonon contribution from the measured heat

deposited at the Cambridge Crystallographic Data CerdeHQNN.

A bluish purple block crystal of the-phase HQNN with dimensions
of 0.32x 0.32x 0.28 mm was used for data collection. The intensity
data were measured at ambient temperatrsgan (4 < 26 < 55°),
scan speed 4 degin™!, —19<h <19,0<k<16,0<1<9. Three
standard reflections (30,8 4 0, and 4 5 Ojvere measured every 200

reflections and showed no significant variations throughout the data

collection; of 3452 reflections (4< 26 < 55°) measured, 2204
independent reflectiond=¢ > 30(F.)) were used for analysiRq =
0.017). Absorption correction was not applied. Anisotropic thermal
factors for all non-hydrogen atoms and isotropic thermal factors for
hydrogen atoms were used for final refinement; 240 paramedRers,
0.051 andwR = 0.047;w = 1.0 (F,| < 20), 0.7 (20=< |F,| < 60),
200/F,|? (60 < |Fo|); S= 0.56; maximum and minimum heights in
final difference Fourier syntheses were 0.632 ari309 e A3; max
(shift/esd)= 0.161f of H[O(2)]). B-HQNN. A blue needle of the
B-phase HQNN with dimensions of 0.320.16 x 0.16 mm was used

capacity data. Since the heat capacity derived from phonon at cryogenic
temperatures is proportionedT®according to Debye’s approximation,
the lattice heat capacity is estimated from the slope ofgkeT plot.

The pure contribution of the spin system was obtained, after substracting
the phonon contribution from the overall heat capacity.

Other Instrumentation. An 'H (270 MHz) NMR spectrum was
obtained on a JEOL GSH-270 spectrometer. Infrared spectra ard UV
vis absorption spectra were obtained on a Perkin-Elmer 1640 FTIR
and Shimazu UV-3100PC, respectively.
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for analysis. The intensity data were measured at ambient temperature;

 scan (4 < 20 < 55°), scan speed 4 degin™!, -9 <h <12,0<
k <18, 0< | < 12. Three standard reflections (1 4.0 2, and 4 0

Supporting Information Available: Crystallographic details
for a-HQNN, S-HQNN, and RSNN, including tables of atomic

1) were measured every 200 reflections and showed no significant coordinates and isotropic thermal parameters, bond lengths and

variations throughout the data collection; 3330 reflectioris{£26 <

55°) measured, 1596 independent reflectiofs ¥ 30(F,)) were used

for analysis R« = 0.022). Absorption correction was not applied.
Anisotropic thermal factors for all non-hydrogen atoms and isotropic
thermal factors for hydrogen atoms were used for final refinement; 240
parametersR = 0.049 andwR = 0.048;w = 1.0 (F,| < 50), 200/
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