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Abstract: The electron spin density distribution at hydrogen atoms of 4-hydroxyimino-2,2,6,6-tetramethylpi-
peridin-1-yloxyl (4-hydroxyimino-TEMPO), which has recently been shown to act as a molecular ferromagnet
at low temperature, was determined in the crystalline phase on the basis of the temperature dependence of the
Fermi contact shifts in the magic angle spinning deuterium NMR spectrum to elucidate the mechanism of
intermolecular magnetic interaction. There are two kinds of close contacts among neighboring radical molecules
in the crystalline phase. An axial methyl hydrogen atom locates near a neighboring N-O radical group, and
the hydroxyl group undergoes hydrogen bonding with another neighboring N-O radical group. The plus and
minus signs of the observed hyperfine coupling constantsAD of methyl deuteriums indicate that there are two
different mechanisms for the electron spin density distribution. Equatorial CD3 groups show negative coupling
constants (AD ) -0.24 MHz) induced by an intramolecular spin polarization mechanism, whereas the positive
hyperfine coupling constants (AD ) +0.12 MHz) of axial CD3 groups indicate that a single occupied MO
spreads out partly toward the axial CD3 groups by hyperconjugation. The small positive hyperfine coupling
constant of the axial methyl group is due to averaging of the one positive and two negative values of the three
deuterium atoms of the methyl group caused by rapid rotation. The intermolecular magnetic interaction through
the axial methyl group seems to be sensitive to the orientation of the methyl group and can be ferromagnetic
in a crystal of 4-hydroxyimino-TEMPO. The large negative hyperfine coupling constant (AD ) -0.45 MHz)
observed for the NOD group strongly implies that hydrogen bonding mediates the intermolecular magnetic
interaction in the crystalline phase. The present experimental results and molecular orbital calculations indicate
that ferromagnetic interaction exists in the hydrogen-bonded chains running along the crystallographicc axis,
and that the two chains can be considered to be coupled ferromagnetically through the axial methyl groups to
form a double chain. In the directions of the crystallographica andb axes, weak ferromagnetic interactions
are expected on the basis of the measured spin density distributions of the deuterium atoms of the equatorial
methyl and the methylene groups which participate in interchain contacts in the crystallographica-b plane.
The 1H and 2D NMR spectra measured for solutions demonstrated that the spin density distribution of the
radical molecule changes dramatically between the solution and crystalline phases.

1. Introduction

Organic ferromagnetism is one of the realizations of tremen-
dous potential of organic compounds. Molecules that exhibit
this feature can be designed to exhibit a variety of functions by
chemical modifications and have attracted the interest of
chemists in a wide range of fields, such as organic, physical,
and theoretical chemistry. Ferromagnetism in purely organic
materials has been a subject of great interest ever since Kinoshita
et al. found a molecular ferromagnet at low temperature in
1991.2 Most organic ferromagnetic crystals are based on

nitroxide (N-O) radicals.3-7 A main interest in this field is to
be able to control intermolecular magnetic interaction in the
solid state to produce ferromagnetic ordering. Considerable
effort has been made to realize ferromagnetic ordering through
the synthesis of a variety of derivatives of the nitroxide radical
species, since the electron spin density distribution in a radical
molecule and the molecular arrangement in the crystalline phase
are believed to be controlled by chemical modifications of the
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molecules to give intermolecular ferromagnetic ordering. The
magnitude and sign of the electron spin density distribution in
a radical molecule are some of the basic properties for discussing
intermolecular magnetic interactions. The alternation of the
positive and negative electron spin density is brought about by
an intramolecular spin polarization effect through chemical
bonds even for atoms away from the N-O radical site.8,9 A
hyperconjugation effect may also be expected for atoms close
to the N-O radical site in the same molecule, and this effect is
very sensitive to the molecular geometry.10 For intermolecular
magnetic interactions in the crystalline phase, at least two types
of ferromagnetic interactions can be theorized, i.e., (1) a direct
interaction between the single occupied molecular orbitals
(SOMOs) of neighboring N-O radical groups and (2) indirect
interactions between distant N-O radical groups through a spin-
polarized network including nonbonded intermolecular atom
contacts.11-14 The direct SOMO-SOMO interaction depends
sensitively on the mutual direction and distance between the
two neighboring N-O radicals. Only a limited configuration,
i.e., no overlap integral for the SOMO-SOMO interaction, may
give ferromagnetic interaction; otherwise, antiferromagnetic
interaction occurs.15 It is difficult to design materials in which
ferromagnetic ordering through successive SOMO-SOMO
coupling is realized. On the other hand, it is easier to achieve
indirect intermolecular ferromagnetic coupling among molecules
in the crystalline phase. Ferromagnetic interaction can occur
when atoms bearing a negative electron spin density are in close
contact with the N-O radical group of a neighboring molecule.
For most nitroxide radical molecules, particularly 2,2,6,6-
tetramethylpiperidin-1-yloxyl (TEMPO) derivatives, the N-O
radical group is protected from chemical reaction by methyl
groups through steric hindrance. By X-ray structure analysis, it
has often been found for TEMPO derivatives that methyl
hydrogens are in close contact with an adjacent N-O radical
group in the crystalline phase. Such hydrogen atoms are
expected to be intermolecular ferromagnetic exchange couplers
on the basis of the crystal structure.16,17

Crystalline 4-hydroxyimino-2,2,6,6-tetramethylpiperidin-1-
yloxyl (4-hydroxyimino-TEMPO) has been found to exhibit a
ferromagnetic phase transition at low temperature (Tc ≈0.25
K).16 In this crystal, the hydroxyl group is linked to an adjacent
N-O radical group by a hydrogen bond to form an infinite chain
along thec axis of the crystal, and successive zigzag contacts
exist between methyl hydrogens and N-O radical groups in
different chains,18 as depicted in Figure 1. It would be useful
to determine what kind of intermolecular contact serves as the
ferromagnetic interaction in this crystal to establish a principle
for producing ferromagnetic ordering in the crystalline phase

of organic magnetic compounds and to understand the charac-
teristics and functions of open-cell molecules.

In this paper, we report our results for the experimental
determination of the isotropic hyperfine coupling constants
between nuclear and electron spins for 4-hydroxyimino-TEMPO
in the crystalline phase. High-speed magic angle spinning1H
and2D NMR spectra were measured for the crystalline phase.
The 1H NMR spectrum gave poor resolution compared to the
2D NMR spectrum due to rapid spin diffusion among the proton
nuclear spins. Our results showed that the magic angle spinning
2D NMR technique is an excellent method for studying the
electron spin density distribution of organic radical crystals. The
1H and 2D NMR spectra were also measured for solutions to
demonstrate that the spin density distribution of the radical
molecule changes dramatically between the solution and crystal-
line phases. The hyperfine coupling constants were determined
for a series of partially deuterated specimens on the basis of
the temperature dependence of the Fermi contact shifts as
measured by magic angle spinning deuteron nuclear magnetic
resonance (2D-MAS NMR). The experimentally determined
electron spin density distribution in the crystalline phase was
compared with theoretical calculations based on the density
functional theory, and the magnetic interaction path in the
crystalline phase is discussed.

2. Method

The static2D NMR spectrum of a paramagnetic polycrystalline
specimen exhibits a broad width with fine structure due to quadrupole
interaction of deuterons and dipole interaction between the nuclear and
electron spins. The magic angle spinning (MAS) technique averages
the two interactions in principle and provides the isotropic shift of the
2D NMR absorption line. The observed isotropic shift on a ppm scale
consists of the Fermi contact term, the pseudo contact term, and the
temperature-independent diamagnetic term, as follows:

whereAFermi is the Fermi contact coupling constant of the nucleus D in
hertz,T is the absolute temperature,F represents the intermolecular
exchange interaction,r is the length of a vectorr from the unpaired
electron to the nucleus,θ and Ω are the polar angles of the vector
with respect to the principal axes of ag-value, and the other terms
have their usual meanings.19,20 The anisotropy of theg-value is very
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Figure 1. Crystal structure of 4-hydroxyimino-TEMPO determined
by an X-ray diffraction experiment.18 There are two kinds of close
contacts, i.e., hydrogen bonding between a hydroxyl hydrogen and an
adjacent N-O radical group (contact I) and axial methyl contact with
a neighboring N-O radical group (contact II). The O‚‚‚O distance for
contact I is 0.275 nm, and the C‚‚‚O distances for contact II are 0.333
and 0.373 nm. The static disorder of the hydroxyl group into two
crystallographically equivalent sites is not depicted for simplicity.
Hydrogen atoms not in the hydroxyl group are also omitted.
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small for typical organic radical crystals; e.g., the anisotropy of the
g-value of the TEMPO radical falls in the range 2.00620( 0.0040.21

Thus, in our case, the contribution of the pseudo contact term is
estimated to be less than 0.01 MHz forr ) 1.8 Å, and the pseudo
contact term (δpseudo) can be neglected in comparison with the Fermi
contact term to determine the hyperfine coupling constantAD ()AFermi).
Since the estimated exchange interaction among the molecules is much
smaller than the thermal energy above 194 K,16 the termF in eqs 2
and 3 becomes unity, and the hyperfine coupling constantAD can be
directly determined from the slope of the temperature dependence of
the observed isotropic shift in the2D-MAS NMR spectrum. The
observed coupling constantAD is related to the electron spin density
F(RD) at the nuclear positionRD as follows:19

3. Experimental Section

4-Hydroxyimino-TEMPO (1) and its partially deuterated analogues
2-4 (Chart 1) were prepared as reported previously.22 The selective
methylene deuteration of 4-oxo-TEMPO was achieved by a proton-
deuteron exchange reaction of the enolate anion in a basic D2O solution.
The crystal structure of the present specimen as determined by single-
crystal X-ray diffraction23 was in agreement with that reported
previously.18 Pulverized specimens were evacuated under 10-3 mmHg
for several hours to remove the solvent which was used for recrystal-
lization. The solvent that had adsorbed to the powder sample was
difficult to completely remove, and small sharp signals of the solvent
without a spinning sideband were detected by the MAS NMR
measurement.

2D-MAS NMR spectra of2-4 were measured by using a single
pulse method at a resonance frequency of 46.1 MHz with a Bruker
DSX300 spectrometer and a 4-mm CP/MAS probe between 190 and
300 K. Theπ/2 pulse length was 1.2µs. A conventional zirconia rotor
(4 mm) with a boron nitride cap was used. The specimen (ca. 10-20
mg) was carefully packed at the center of the rotor (2-3 mm long) to
achieve a homogeneous temperature at the sample position, and Teflon
powder was used as a spacer. Dry N2 gas that evaporated from the
liquid N2 container was used for the high-speed magic angle spinning
(7-10 kHz).

1H-MAS NMR spectra of1 and2 were measured by a similar method
with a resonance frequency of 300.13 MHz and at a higher spinning
rate (9-15 kHz).

The thermometer of the MAS probe was calibrated against the
isotropic chemical shift of the207Pb-MAS NMR spectrum of Pb(NO3)2

24

and the solid-solid phase transition temperatures25 of cyclooctanone
(C8H14O, Tt ) 227 K) and diazabicyclooctane ((C2H4)3N2, Tt ) 350
K), which were detected by1H-MAS NMR at spinning rates of 3.5
and 10 kHz. These brittle plastic phase transition temperatures of
orientationally disordered crystals (ODCs) were determined by a
differential thermal analysis. Pulverized crystals of Pb(NO3)2 and one
of the ODCs were packed into the same rotor, and207Pb-MAS NMR
and1H-MAS NMR spectra were measured alternately under the same
conditions with a double-tuned MAS NMR probe for precise calibration
of the temperature. The resulting temperature coefficient of the isotropic
chemical shift of207Pb 0.784 ppm/K was almost the same as that
reported in ref 24 (0.753 ppm/K). The increase in the temperature of
the specimen with an increase in the spinning rate was also examined
and calibrated. The brittle plastic phase transition temperatures of ODCs
are convenient to use as a temperature reference, since solid materials
can be easily put into the rotor together with Pb(NO3)2. The uncertainty
of the temperature measurement after the calibration was 4 K, and the
temperature fluctuation during the accumulation was within 1 K. All
2D NMR shifts were measured from an external second reference of
acetone-d6 (2.05 ppm), and all1H NMR shifts were measured from
tetramethylsilane dissolved in CCl4.

4. Theoretical Calculations

The electron spin density at positionR can be computed as the
difference between the electron density ofR-spin and that ofâ-spin,19

whereψi
R is an unrestricted molecular orbital for theR-spin electron

and each summation runs over occupied orbitals.
An effective exchange integralJ of a radical pair can be estimated

from the energy difference between the triplet (high-spin) and singlet
(low-spin) states,26,27

whereHS〈S2〉 andHSE are respectively the expectation value ofS2 and
the energy of the high-spin state based on unrestricted wave functions.

Using the GAUSSIAN 94 software package,28 we performed BLYP/
6-31G(d,p) and B3LYP/6-31G(d,p) calculations on an isolated molecule,
on a hydrogen-bonded dimer, and on a methyl-contacted dimer. The
coupling constantAD between deuterium spin and electron spin, and
the effective exchange integralJ, were obtained using eqs 4-6. INDO
calculations were also performed. The geometric structures of the
molecule and of the dimers were taken from the crystal structure,18

except for the hydroxyl hydrogen atom. The position of the hydrogen
atom of the NOH group was optimized by PM329 computation for the
trimer that is composed of contact I and contact II in Figure 1, since
the position of the hydroxyl hydrogen atom was not precisely
determined by X-ray diffraction due to static disorder of the molecule
in the crystalline phase.18

5. Results and Discussion

Advantages of Deuterium MAS NMR for Organic Mag-
netic Solids.Figure 2 shows the1H-MAS NMR spectrum (a)
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of the fully protonated specimen1 and the2D-MAS NMR
spectrum (b) of the methyl and methylene deuterated analogue
2, which were measured at room temperature at spinning rates
of 15 and 7 kHz, respectively. The spinning sidebands were
clearly distinguished by using several different spinning speeds.
For the1H-MAS NMR spectrum, only the two signals indicated
by arrows were poorly resolved, i.e., the shoulder at+8 ppm
and the peak at-28 ppm. On the other hand, three peaks were
clearly resolved, and they were located far from the spinning
sidebands in the2D-MAS NMR spectrum. All three peaks were
assigned to the methyl groups. The absorption lines of the
methylene groups overlapped the peak of the methyl groups at
-28 ppm, as discussed below. The advantage of the2D-MAS
NMR spectrum for organic magnetic solids is based on the small
magnetogyric ratioγD of deuterium compared to that (γH) of a
proton (γD/γH ) 0.15), as in solutions.30 The internuclear dipole
coupling is small for deuterium, and magic angle spinning is
more efficient due to the slower spin diffusion than in the case
of a proton. The dipole coupling measured in hertz between
deuterium and an electron spin is also small, and the line width
of the isotropic shift is smaller than that in the case of a proton.
The hydroxyl deuterium of4 was clearly detected by2D-MAS
NMR, while the hydroxyl proton of2 was not observed by1H-
MAS NMR. Measurement of the Fermi contact shift of the
hydroxyl deuterium is important for discussing magnetic
interaction through hydrogen bonding in the crystalline phase.

To determine the hyperfine coupling constant and the electron
spin density distribution of each atom of organic radical
molecules, a variety of experimental techniques have been used,
such as NMR,31 ESR,32,33 and polarized neutron diffraction.34

The techniques of NMR and ESR have been applied mostly to

solutions, and few experiments have been performed for the
crystalline phase. For example, wide-line proton NMR was used
to estimate the hyperfine coupling constant of protons of
TEMPO derivatives.35,36However, the resolution of the spectrum
is not sufficient for powder samples. The polarized neutron
diffraction technique is a powerful tool for determining the
electron spin density distribution in the crystalline phase,
particularly for atoms with a large electron spin density such
as N, O, and C. On the other hand,2D-MAS NMR is very
sensitive to the electron spin density of hydrogen atoms, which
are expected to play an important role in magnetic interaction
in organic magnetic materials.

In addition to the advantage of2D-MAS NMR described
above, partial deuteration enabled us to obtain a simple spectrum
and to assign the peaks very easily, as described below.

Different Hyperfine Coupling Constants of 4-Hydroxy-
imino-TEMPO in Solution and in the Crystalline Phase.The
isotropic shifts of 4-hydroxyimino-TEMPO depended on its
environment, such as in methanol solution and in the crystalline
phase, as demonstrated in Figure 3. Two peaks were resolved
for both the methylene (a) and methyl (c) groups even in
solution, suggesting that interconversion between the axial and
equatorial positions due to ring puckering is very slow at 298
K. The isotropic shifts of the methyl and methylene groups in
the crystalline phase changed dramatically from those in the
methanol solution. This result suggests that the electron spin
density distribution changes sensitively with deformation of the
molecule. Since the molecular geometry may be different
between the solution and crystalline phases, the hyperfine
coupling constant should be determined in the crystalline phase
of interest to discuss the mechanism of the intermolecular
magnetic interaction.

The sharp signals which appeared in spectrum c are due to
protonated solvent in CD3OD. The solvent CD3OD shows a
strong signal near 5 ppm in spectrum b. The integrated intensity
of the solvent is much smaller than that of specimen3, since
the polycrystalline specimen showed numerous spinning side-
bands while the solvent exhibited none.

Determination of Hyperfine Coupling Constants in the
Crystalline Phase.Temperature-dependent variations of the2D-
MAS NMR spectra of (a) the methylene groups of3, (b) the
methyl groups of2, and (c) the hydroxyl group of4 are
summarized in Figure 4. Many spinning sidebands appeared
over the frequency region of the static2D NMR line width, and
only the isotropically shifted region is shown for respective
partially deuterated compounds. Before discussing the hyperfine
coupling constants of deuterium atoms, we should mention the
motion of the methyl groups. Based on the measurement of the
static2D NMR line shape of2 above 130 K, all of the methyl
groups apparently rotate rapidly around their ownC3 axis, while
the methylene groups remain static. The observed intensity of
the isotropically shifted signal of the methylene group is much
smaller than that of the methyl group, since the signal intensity
is distributed over the spinning sidebands and the static line
width of a methylene group is much larger than that of a rotating
methyl group.
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6706
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116, 2019-2027.
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Figure 2. (a) 1H-MAS NMR spectrum of1 measured at a spinning
rate of 15 kHz at 310 K. Sharp signals near 3 ppm are due to a very
small amount of ethanol adsorbed by the powder specimen. (b)2D-
MAS NMR spectrum of2 measured at a spinning rate of 7 kHz at 298
K. Arrows indicate the isotropic shifts, and asterisks represent spinning
sidebands.
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X-ray structure analysis indicated that the crystallographic
mirror plane runs almost through the center of the molecule,
and the hydroxyl group is statically disordered into two mirror-
image positions.18 The molecule has no symmetry, and the
unresolved signal of methylene groups shown in Figure 4a
consists of several lines corresponding to the nonequivalent axial
and equatorial positions of the deuteriums. Decomposition of
the observed peak was difficult, and the averaged hyperfine
coupling constant was determined for the methylene deuteriums
from the temperature dependence of the isotropic Fermi contact
shift. The temperature dependence was fitted by eqs 1 and 2 as
shown in Figure 5, and the coupling constantAD ) -0.22 MHz
was obtained (Table 1).

For methyl groups, we found two distinct signals around 20
and -40 ppm, which respectively reflected the positive and
negative signs of the temperature coefficient, as shown in Figure
4b. The two signals have almost the same integrated intensity,
1.0:1.1-1.0:1.2. Although the methylene signal overlapped the
methyl peak near-40 ppm, this overlapping did not disturb
the determination of the hyperfine coupling constants of the
methyl groups, since the intensity of the methylene signal is

much weaker than that of the methyl group as mentioned above.
Each methyl signal consists of several components. Only the
signal near 20 ppm could be decomposed into two different
shifts, and the shift value at the center of the signal was also
estimated. The temperature dependence of these shifts was fitted
by eqs 1 and 2 as shown in Figure 5, and the results are listed
in Table 1. The negative hyperfine coupling constant of the
methyl deuterium is comparable to that of arylimino-TEMPOs
determined by1H-MAS NMR, although the methyl and meth-
ylene signals were not resolved in the1H-MAS NMR spectra.37

The hyperfine coupling constant of deuterium can be converted
to that of the proton by multiplying by the magnetogyric ratio
γH/γD (see eq 4). The methyl signal with a positive hyperfine
coupling constant was assigned to the axial position, and that

(37) Maruta, G.; Takeda, S.; Kawakami, T.; Mori, W.; Imachi, R.; Ishida,
T.; Nogami T.; Yamaguchi, K.Mol. Cryst. Liq. Cryst.1997, 306, 307-
314.

Figure 3. (a) 2D NMR spectrum of3 in CH3OH solution. The two
arrows indicate methylene signals, and the plus mark (+) indicates the
hydroxyl signal. The relative integrated intensity is 0.8:2.0:2.0 from a
high- to low-frequency shift. (b)2D-MAS NMR spectrum of3 in the
crystalline phase. The sharp signal near 5 ppm is due to a very small
amount of CD3OD. The integrated intensity of the solvent is very small
compared to that of the methylene signal, since the solvent signal shows
no spinning sideband. (c)1H NMR spectrum of3 in CD3OD solution.
The signal of protonated methanol dissolved in CD3OD shows sharp
signals with spinning sidebands near 3 ppm. (d)2D-MAS NMR
spectrum of2 in the crystalline phase measured at room temperature.

Figure 4. Temperature dependence of the2D-MAS NMR spectra: (a)
the methylene and hydroxyl deuterated specimen3 (the sharp signal
near 3 ppm is due to a very small amount of adsorbed CD3OD); (b)
the methyl and methylene deuterated specimen2; (c) the hydroxyl
deuterated specimen4 (although the sharp signal of CD3OD near 3
ppm looks large, its integrated intensity is very small compared to the
intensity of the hydroxyl deuterium of4 integrated over all of the
spinning sidebands).
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with a negative hyperfine coupling constant was assigned to
the equatorial position on the basis of BLYP and B3LYP
calculations for the hyperfine coupling constants. The results
of the calculations are summarized in Table 1, and the
numbering scheme for the hydrogen atoms is shown in Figure
6. The BLYP and B3LYP calculations predict that all of the
hydrogen atoms of the equatorial methyl and methylene groups
exhibit negative coupling constants, which are predominantly
induced by the spin polarization effect within a molecule. On

the other hand, one of the three hydrogen atoms of the axial
methyl group, e.g., 13-2 in Figure 6, bears a large positive
coupling constant+0.71 MHz (+0.54 MHz), while two others
exhibit negative values:-0.32 and-0.22 MHz (-0.37 and
-0.24 MHz). The values in parentheses are the results of
B3LYP calculations. A negative coupling constant is induced
by a spin polarization mechanism, and a positive value is
brought about by hyperconjugation in a molecule. An unpaired
electron localized on the N-O radical site induces an electron
spin density wave by the spin polarization effect. The sign of
the spin density at each position alternates through successive
bonds as O-N(v)-CR(V)-Câ(v)-Dâ(V). This mechanism makes
the coupling constant of axial CD3 deuteriums negative. The
effect of hyperconjugation exceeds that of spin polarization at
deuterium positions 10-2 and 13-2 and gives a positive spin
density at these deuterium positions of the axial methyl groups.
The π* orbital of the N-O radical group may be delocalized
by hyperconjugation, and SOMO may extend to one of the
deuteriums of each axial methyl group (10-2 and 13-2). Fast
rotation of the methyl group, which means rapid exchange of
deuterium over the three positions, effectively averages the
positive and negative hyperfine coupling constants. Thus, small
positive values (+0.12 and+0.13 MHz) were observed for the
two axial methyl groups. The observed positive coupling
constant is concrete evidence of the extension of SOMO to the
axial methyl groups of 4-hydroxyimino-TEMPO in the crystal-
line phase. A similar positive hyperfine coupling constant of
the axial methyl proton was noted for TEMPO and TEMPOL.35

Interestingly, the isotropic shift of the methyl protons of3
appeared at-6 and-10 ppm in methanol solution at 300 K
(Figure 3c), indicating that the averaged hyperfine coupling
constants of all of the methyl groups are negative. This
experimental result indicates that the effect of hyperconjugation
disappeared in methanol solution and is very sensitive to the
change in the molecular conformation in different phases. This
point is important for the discussion below of intermolecular
magnetic interaction through methyl groups in organic magnetic
solids.

The shift of the hydroxyl deuterium changed dramatically
when the temperature was lowered, as shown in Figure 4c, and
a large negative hyperfine coupling constant (-0.45 MHz) was
deduced from eqs 1 and 2 (Figure 5 and Table 1). Since the
width of the signal of the hydroxyl group is much greater than

Figure 5. Temperature dependence of the isotropic shifts of2D-MAS
NMR of 4-hydroxyimino-TEMPO in the crystalline phase:b, meth-
ylene deuteriums of3; O, center of the signal of the axial methyl
deuteriums of2; [, decomposed components of the axial methyl signal;
0, equatorial methyl deuteriums of2; 9, hydroxyl deuterium of4. Since
the line width of the2D-MAS NMR signal of the hydroxyl deuterium
is considerably larger than those of the other groups, the errors of the
isotropic shift are also large, as shown by vertical bars. The solid lines
are the result of fitting to eqs 1 and 2.

Table 1. Deuterium Spin Electron Spin Coupling Constant
AD/MHz of 4-Hydroxyimino-TEMPO

BLYP [B3LYP]
calculationsb

H-bonded dimerexperiment,a
crystalline

phase
isolated
molecule H-acceptor H-donor

methylene -0.22(1)
3-1 -0.21 [-0.25] -0.22 [-0.26] -0.21 [-0.25]
3-2 -0.07 [-0.10] -0.09 [-0.13] -0.08 [-0.11]
5-1 -0.20 [-0.24] -0.20 [-0.25] -0.20 [-0.24]
5-2 -0.07 [-0.10] -0.09 [-0.13] -0.08 [-0.10]

ax-methyl 10c +0.12(1) +0.05 [-0.02] +0.07 [-0.01] +0.05 [-0.03]
10-1 -0.32 [-0.37] -0.34 [-0.40] -0.32 [-0.37]
10-2 +0.70 [+0.53] +0.83 [+0.66] +0.69 [+0.53]
10-3 -0.21 [-0.23] -0.27 [-0.28] -0.21 [-0.23]

eq-methyl 11c -0.24(1) -0.13 [-0.17] -0.13 [-0.17] -0.13 [-0.17]
11-1 -0.09 [-0.11] -0.11 [-0.13] -0.10 [-0.11]
11-2 -0.24 [-0.30] -0.22 [-0.28] -0.24 [-0.30]
11-3 -0.06 [-0.09] -0.05 [-0.10] -0.06 [-0.09]

ax-methyl 13c +0.13(2) +0.06 [-0.02] +0.07 [-0.01] +0.05 [-0.02]
13-1 -0.32 [-0.37] -0.34 [-0.40] -0.32 [-0.37]
13-2 +0.71 [+0.54] +0.82 [+0.66] +0.70 [+0.54]
13-3 -0.22 [-0.24] -0.28 [-0.30] -0.22 [-0.24]

eq-methyl 12c -0.24(1) -0.13 [-0.17] -0.13 [-0.17] -0.13 [-0.16]
12-1 -0.10 [-0.12] -0.12 [-0.14] -0.10 [-0.12]
12-2 -0.23 [-0.29] -0.22 [-0.28] -0.23 [-0.29]
12-3 -0.05 [-0.09] -0.04 [-0.09] -0.05 [-0.09]

hydroxyl 9-1 -0.45(10) -0.01 [-0.01] -0.01 [-0.01] -0.51 [-0.73]

a The values were determined by2D-MAS NMR. Values in
parentheses are the experimental error.b The 6-31G(d,p) basis set was
used. Values in brackets were calculated by B3LYP. The molecular
geometry was taken from the crystal structure, except for the hydroxyl
hydrogen atoms. The geometry of the hydroxyl hydrogen atoms was
optimized by the PM3 method. Calculations were performed for the
isolated doublet molecule and for the hydrogen-bonded triplet dimer,
which consists of a proton acceptor and a proton donor.c Averaged
value of three hydrogen atoms for the computed coupling constants.
When we took a shift value for the center of the signal of axial methyl
groups, a hyperfine coupling constant of+0.07 MHz was obtained.

Figure 6. Numbering scheme for the hydrogen atoms of 4-hydroxy-
imino-TEMPO.
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those of other signals described above, the error of the shift
value is large, as indicated by horizontal bars in Figure 5. The
BLYP and B3LYP calculations gave a small negative coupling
constant of-0.01 MHz for an isolated molecule. On the other
hand, these calculations for hydrogen-bonded molecules, which
are linked by contact I as shown in Figure 1, gave large negative
coupling constants of-0.51 and-0.73 MHz for hydrogen-
bonded deuterium. The calculated values are comparable to the
observed value, indicating that the large electron spin density
on the hydroxyl deuterium is induced by the N-O radical group
of the neighboring molecule through hydrogen bonding. The
minus sign of the electron spin density induced by the
intermolecular coupling is in phase with the sign of the
intramolecular spin polarization network.

The diamagnetic shift of the hydroxyl deuterium estimated
from eq 1 is 20 ppm. This value is outside the normal range
for diamagnetic compounds. Since the electronic state of the
hydrogen acceptor, i.e., the N-O radical group, is different from
that of the corresponding closed-shell molecule, the diamagnetic
chemical shift of the hydroxyl deuterium linked to the N-O
radical group through hydrogen bonding is not necessarily the
same as that in closed-shell systems.

Magnetic Interaction in 4-Hydroxyimino-TEMPO in the
Crystalline Phase.From the viewpoint of the crystal structure
of 4-hydroxyimino-TEMPO, there are two kinds of close
contacts between neighboring molecules in the crystalline phase,
i.e., hydrogen bonding to form an infinite chain (contact I in
Figure 1) and contact between axial methyl hydrogens and a
neighboring N-O radical group to form a zigzag chain (contact
II). We concentrate here on the hyperfine coupling constants
of the hydroxyl deuterium and the axial methyl deuterium. The
large negative hyperfine coupling constant of the hydrogen-
bonded hydroxyl deuterium was almost reproduced by BLYP
and B3LYP calculations for a hydrogen-bonded dimer model.
The intermolecular magnetic interaction, i.e., the effective
exchange integralJ, can be estimated by BLYP and B3LYP
calculations. The BLYP calculation is known to slightly
underestimate electron spin density distributions, whereas the
semiempirical INDO calculation often overestimates them and
gives reasonable effective exchange integralsJ.27 The B3LYP
method falls between the BLYP and INDO calculations. The
three calculation methods were used to estimate the effective
exchange integrals for the two kinds of dimer models, i.e.,
contact I and contact II in Figure 1. The results of the
calculations and the experimental value deduced from a
measurement of the magnetic susceptibility by assuming a one-
dimensional ferromagnetic Heisenberg model16 are summarized
in Table 2. All three calculation methods indicated ferromagnetic
interaction (positive value ofJ) for the hydrogen-bonded dimer.
The sign of the electron spin density of the hydroxyl hydrogen
induced by an adjacent N-O radical group bearing a positive
spin is in phase with the intramolecular spin alternation, which
is polarized by the positive spin of the N-O radical group on
the same molecule. Thus, hydrogen bonding contributes to the
intermolecular magnetic interaction as a ferromagnetic coupler
in the crystalline phase of 4-hydroxyimino-TEMPO.

For the axial methyl-contacted dimer, the BLYP calculation
showed antiferromagnetic interaction (negative value ofJ) due
to an underestimation of the spin polarizations, whereas the
INDO and B3LYP calculations indicated ferromagnetic interac-
tion as shown in Table 2. These calculations suggest that the
magnetic interaction through the axial methyl hydrogens is
somewhat delicate, which is compatible with a conflict between
the two mechanisms for polarizing the electron spins in opposite
directions. The axial methyl hydrogens 10-3 and 13-3 depicted
in Figure 6 are located closest to an adjacent N-O radical group.
The distances are 0.247 and 0.277 nm.18 These hydrogens bear
the negative spin density predominantly induced by the spin
polarization within a molecule and can contribute to ferromag-
netic intermolecular interaction, which is ferromagnetic indirect
interaction. Axial methyl hydrogens 10-2 and 13-2 bearing a
positive spin density are located far from the adjacent N-O
radical group (0.358 and 0.417 nm) compared to hydrogens 10-3
and 13-3. Hyperconjugation, i.e., the spread of a SOMO, is
sensitive to changes in conformation and in the orientation of
the axial methyl group. The SOMO spread by hyperconjugation
can interact both antiferromagnetically and ferromagnetically
with that of a neighboring molecule, which comes from direct
SOMO-SOMO interaction with and without overlapping,
respectively. This effect suggests that intermolecular magnetic
interaction through the axial methyl group may account for the
changes in both the ferromagnetic and antiferromagnetic
interactions with a slight change in the molecular arrangements
in the crystal.

In the crystalline phase of 4-hydroxyimino-TEMPO, in
addition to the ferromagnetic interaction via hydrogen bonding
(contact I in Figure 1) within an infinite molecular chain, the
axial methyl contact may also mediate ferromagnetic interaction
between the two ferromagnetic hydrogen-bonded chains to form
a double chain, as shown in Figure 1.

Along the crystallographicb axis, which is perpendicular to
the hydrogen-bonded chains, an axial methylene hydrogen is
located close (0.27 nm) to the hydroxyl oxygen of the neighbor-
ing hydrogen-bonded chain. Molecular orbital calculations
showed that a positive electron spin density of the hydroxyl
oxygen induced by intramolecular spin polarization is largely
enhanced by hydrogen bonding with the neighboring N-O
radical group in the same chain. The axial methylene hydrogen
bearing a negative electron spin density can interact ferromag-
netically with the positive electron spin density of the hydroxyl
oxygen. The interaction between double chains along the
crystallographicb axis can also be ferromagnetic, although such
interaction is likely weak. More weak contacts are seen between
the axial methyl hydrogen bearing a positive electron spin
density due to hyperconjugation and equatorial methyl hydro-
gens bearing a negative electron spin density along the crystal-
lographica axis. These distances are 0.29-0.30 nm. The BLYP
and B3LYP calculations for the methyl-contacted dimer indi-
cated that the negative electron spin density of the equatorial
methyl hydrogens is significantly enhanced. This effect may
contribute to the intermolecular ferromagnetic interactions along
the a axis.

6. Conclusion

In this paper, we investigated the mechanism of intermo-
lecular magnetic interaction in an organic magnetic crystal of
4-hydroxyimino-TEMPO, which exhibits a ferromagnetic phase
transition at low temperature. A large negative electron spin
density was found at the deuterium atom of the hydrogen-bonded
hydroxyl group of partially deuterated 4-hydroxyimino-TEMPO

Table 2. Calculated Effective Exchange IntegralsJ/cm-1 of
4-Hydroxyimino-TEMPO

BLYPa B3LYPa INDO exptb

hydrogen-bonded pair +0.06 +0.07 +0.04
methyl-contacted pair -0.23 +0.30 +0.07
one-dimensional Heisenberg chain +0.44

a The 6-31G(d,p) basis set was used.b Reference 16.
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in the crystalline phase by high-speed magic angle spinning2D
NMR. The large negative electron spin density is induced by
the N-O radical group of the neighboring molecule through
hydrogen bonding and mediates the intermolecular ferromag-
netic interaction within the hydrogen-bonded chain. A small
positive hyperfine coupling constant was observed for the axial
methyl hydrogens, showing that the positive and negative values
of each hydrogen atom were effectively averaged by rapid
rotation of the methyl group at high temperature. One of the
axial methyl hydrogens bearing a negative spin density estab-
lishes ferromagnetic contact with the N-O radical group of a
neighboring chain. Generally, the axial methyl group may
contribute to both the ferromagnetic and antiferromagnetic
interactions with a slight change in the orientation and confor-
mation of the methyl group, due to the presence of two different
mechanisms, i.e., ferromagnetic indirect interaction assisted by
spin polarization, and ferro- or antiferromagnetic direct interac-

tion between the SOMO that is spread on the methyl group by
hyperconjugation and the SOMO of the neighboring molecule.
The high-speed magic angle spinning deuterium NMR method
is very useful for investigating the local magnetic structure in
the crystalline phase and the mechanism of intermolecular
magnetic interactions at a microscopic level.
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