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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 neighbori@gratical group, and

the hydroxyl group undergoes hydrogen bonding with another neighbori@ Ndical group. The plus and

minus signs of the observed hyperfine coupling constAptsf methyl deuteriums indicate that there are two
different mechanisms for the electron spin density distribution. Equatorigg@idips show negative coupling
constantsAp = —0.24 MHz) induced by an intramolecular spin polarization mechanism, whereas the positive
hyperfine coupling constant®\§ = +0.12 MHz) of axial CI3 groups indicate that a single occupied MO
spreads out partly toward the axial €Broups 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 conségnt(—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 crystallogepic

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 crystallograghendb 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 crystallograjphptane.

The IH and?D 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 nitroxide (N—O) radicals>~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

this feature can be designed to exhibit a variety of functions by effort has b(_aen made_to realize _ferr_omagneuc o_rder_mg tthUQh
chemical modifications and have attracted the interest of (€ Synthesis of a variety of derivatives of the nitroxide radical

chemists in a wide range of fields, such as organic, physical species, since the electron spin density distribution in a radical
and theoretical chemistry. Ferrom,agnetism in pureiy organic’ molecule and the molecular arrangement in the crystalline phase

materials has been a subject of great interest ever since Kinoshit"® believed to be controlled by chemical modifications of the

et al. found a molecular ferromagnet at low temperature in  (3) Chiarelli, R.; Novak, M.; A.; Rassat, A.; Tholence, JNature1993

19912 Most organic ferromagnetic crystals are based on 363 147-149. _ , _ ,
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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-l radical site®® A

- - Figure 1. Crystal structure of 4-hydroxyimino-TEMPO determined
hyperconjugation effect may also be expected for atoms Closeby an X-ray diffraction experimerit There are two kinds of close

to the N—Q_radlcal site in the same molecule,_ and this effect is contacts, i.e., hydrogen bonding between a hydroxyl hydrogen and an
very sensitive to the molecular geo_me%P;Eor intermolecular  agjacent N-O radical group (contact I) and axial methyl contact with
magnetic interactions in the crystalline phase, at least two typesa neighboring N-O radical group (contact I1). The ©0 distance for

of ferromagnetic interactions can be theorized, i.e., (1) a direct contact | is 0.275 nm, and the GO distances for contact Il are 0.333
interaction between the single occupied molecular orbitals and 0.373 nm. The static disorder of the hydroxyl group into two
(SOMOs) of neighboring NO radical groups and (2) indirect ~ crystallographically equivalent sites is not depicted for simplicity.
interactions between distantND radical groups through a spin-  Hydrogen atoms not in the hydroxyl group are also omitted.
polarized network including nonbonded intermolecular atom
contactst’1* The direct SOMG-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 SOME&SOMO interaction, may
give ferromagnetic interaction; otherwise, antiferromagnetic
interaction occurd® It is difficult to design materials in which
ferromagnetic ordering through successive SOMSDMO

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 spinfihg
and?D NMR spectra were measured for the crystalline phase.
The 'H NMR spectrum gave poor resolution compared to the

coupling is realized. On the other hand, it is easier to achieve 2D NMR trum due to ranid spin diffusion amona the proton
indirect intermolecular ferromagnetic coupling among molecules spectrum due to rapid sp usion among the protol
nuclear spins. Our results showed that the magic angle spinning

in the crystalline phase. Ferromagnetic interaction can occur, - . .

shn toms beaing a egaie electon spin ensiy e i cose I ISOUE ' 2, exelent method o stiayn e
contact with the N-O radical group of a neighboring molecule. H and 2DpNMR S thra were also rr?easured for sglutioﬁs o
For most nitroxide radical molecules, particularly 2,2,6,6- P

erametnypperdinL yoyl (TEVPO) cervatves, e CEmonsale at the spin densty ditiuton of e adice
radical group is protected from chemical reaction by methyl 4 9 ically Uil rystal-

groups through steric hindrance. By X-ray structure analysis, it line phases. The hyperfine coupling constants were determined

has often been found for TEMPO derivatives that methyl for a series of partially deuterated specimens on the basis of

hydrogens are in close contact with an adjacentONradical the temperature erendencg O.f the Fermi contact shifts as
group in the crystalline phase. Such hydrogen atoms aremeasured by magic angle spinning deuteron nuclear magnetic

. : )
expected to be intermolecular ferromagnetic exchange couplersreﬁggtr;ggcs ilr? g/(leﬁiitN'(\j/:gt)ribztkilgneipr;]rémc?n;?gﬁin(jeeter:ggevsas
on the basis of the crystal structu#fet’ P y y P

) . o compared with theoretical calculations based on the density
Crystalline 4-hydroxyimino-2,2,6,6-tetramethylpiperidin-1- - nctional theory, and the magnetic interaction path in the
yloxyl (4-hydroxyimino-TEMPO) has been found to exhibit a crystalline phase is discussed.

ferromagnetic phase transition at low temperatire~0.25
K).18 In this crystal, the hydroxyl group is linked to an adjacent 2. Method
N—O radical group by a hydrogen bond to form an infinite chain

alc_)ngbthec axis of t::el %rygtal, and Su(;:_ceSSI\ée z:gzag Con_taCts specimen exhibits a broad width with fine structure due to quadrupole
exist between methyl hydrogens and-R radical groups in interaction of deuterons and dipole interaction between the nuclear and

different qhain§,8 aS.dEpiCt.ed in Figure 1. It would be useful  gjectron spins. The magic angle spinning (MAS) technique averages
to determine what kind of intermolecular contact serves as the the two interactions in principle and provides the isotropic shift of the

ferromagnetic interaction in this crystal to establish a principle 2D NMR absorption line. The observed isotropic shift on a ppm scale

for producing ferromagnetic ordering in the crystalline phase consists of the Fermi contact term, the pseudo contact term, and the
temperature-independent diamagnetic term, as follows:

The static®D NMR spectrum of a paramagnetic polycrystalline

(8) McConnell H. M.; Chesnut, D. B]. Chem. Phys1957 27, 984~

985. Oiso = Oparmi T O + Oy 1)
(9) Yamanaka, S.; Kawakami, T.; Yamada, S.; Nagao, H.; Nakano, M.; s Fermi pseudo . “dia
Yamaguchi, K.Chem. Phys. Lettl995 240, 268-277. ) + +
(10) Heller, C.; McConnell H. MJ. Chem. Phys196Q 32, 1535-1539. Formi = M8 AFerm'(gxx Yy gZZ)S(S—I- 1)F 2)
(11) McConnell, H. M.J. Chem. Phys1963 39, 1910-1910. 3K T ypl2m 3
(12) Yamaguchi, K.; Fueno, T.; Nakasuji, K.; Murata,Ghem. Lett. )
1986 629-632. Ug 2 2 5 5
546{?;)4A4waga, K.; Sugano, T.; Kinoshita, Mthem. Phys. Letf.987, 141, Opseudo™ m{ [29,; — (9« T 9,13 coff—1)— 3G,y —
(14) Yémaguchi, K.; Fueno, TThem. Phys. Letfl989 159 465-471. 2N o
(15) Kawakami, T.; Oda, A.; Mori, W.; Yamaguchi, K.; Inoue K.; gxx)SmZGCOS D}SS+ 1)F (3)

Iwamura, H.Mol. Cryst. Lig. Cryst.1996 279, 29-38.
(16) Nogami, T.; Ishida, T.; Yasui, M.; lwasaki, F.; Iwvamura, H. Takeda whereAgemiis the Fermi contact coupling constant of the nucleus D in

N.; Ishikawa, M.Mol. Cryst. Liq. Cryst1996 279, 97-106. ~ hertz, T is the absolute temperaturg,represents the intermolecular

M..(1K7gvl;l;k%anq;l,1_.T..,Yléslmfiag,uTc.HiYisBlﬂilMé,r:;vr%.saélg,clfjgglsggaélg\l.,lgsﬂhawa, exchange interaction, is the length of a vector from the unpaired

1848. ' ' ' electron to the nucleug) and Q are the polar angles of the vector
(18) Bordeaux, P. D.; Lajzewicz, J.Acta Crystallogr1977 B33 1837 with respect to the principal axes ofgavalue, and the other terms

1840. have their usual meaning%2° The anisotropy of the-value is very



426 J. Am. Chem. Soc., Vol. 121, No. 2, 1999

Chart 1
NOH NOH
Hp Hy D D2
H3C CH;  DsC CD3
HaC” "N "CHa DsC” "N7 "CDj
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1 2
NOD NOD
Dy Dy Hz Ha
HsC CHz  HaC CHa
HaC” N7 “CHg HaC” N7 “CHg
o o]
3 4

small for typical organic radical crystals; e.g., the anisotropy of the
g-value of the TEMPO radical falls in the range 2.0062@®.0040%
Thus, in our case, the contribution of the pseudo contact term is
estimated to be less than 0.01 MHz for= 1.8 A, and the pseudo
contact term ¢pseusd Can be neglected in comparison with the Fermi
contact term to determine the hyperfine coupling consdari{t=Arerm).

Maruta et al.

and the solid-solid phase transition temperatuifesf cyclooctanone
(CgH140, Ty = 227 K) and diazabicyclooctane ({d4)sN2, T; = 350

K), which were detected b{H-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 Pbg@nd one

of the ODCs were packed into the same rotor, #fdb-MAS NMR
and!H-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 of?’Pb 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@¥OThe uncertainty

of the temperature measurement after the calibration was 4 K, and the
temperature fluctuation during the accumulation was within 1 K. All
°D NMR shifts were measured from an external second reference of
acetoneds (2.05 ppm), and alltH NMR shifts were measured from
tetramethylsilane dissolved in CClI

Since the estimated exchange interaction among the molecules is muchd, Theoretical Calculations

smaller than the thermal energy above 194%Khe termF in eqs 2
and 3 becomes unity, and the hyperfine coupling consdardan be

The electron spin density at positidd can be computed as the

directly determined from the slope of the temperature dependence ofdifference between the electron densitye$pin and that of-spin}®

the observed isotropic shift in theD-MAS NMR spectrum. The
observed coupling constah, is related to the electron spin density
p(Rp) at the nuclear positioRs as follows?®®

Ao = Ao = o ttg 320(Ry) @

3. Experimental Section

4-Hydroxyimino-TEMPO 1) and its partially deuterated analogues
2—4 (Chart 1) were prepared as reported previo@alyhe selective
methylene deuteration of 4-oxo-TEMPO was achieved by a proton
deuteron exchange reaction of the enolate anion in a ba€isBlution.

occ occ

PR = W RIS I/ RIF (5)

wherewy;® is an unrestricted molecular orbital for tlespin electron
and each summation runs over occupied orbitals.

An effective exchange integrdlof a radical pair can be estimated
from the energy difference between the triplet (high-spin) and singlet
(low-spin) stateg®2”

LSE _ HSg

J= HS[SZD— LS[SZD

©)

The crystal structure of the present specimen as determined by single-where"S[&Jand"SE are respectively the expectation valueSfand

crystal X-ray diffractiod® was in agreement with that reported
previously*® Pulverized specimens were evacuated undef ainHg

the energy of the high-spin state based on unrestricted wave functions.
Using the GAUSSIAN 94 software packafeve performed BLYP/

for several hours to remove the solvent which was used for recrystal- 6-31G(d,p) and B3LYP/6-31G(d,p) calculations on an isolated molecule,
lization. The solvent that had adsorbed to the powder sample wason a hydrogen-bonded dimer, and on a methyl-contacted dimer. The
difficult to completely remove, and small sharp signals of the solvent coupling constanfp, between deuterium spin and electron spin, and

without a spinning sideband were detected by the MAS NMR
measurement.

°D-MAS NMR spectra of2—4 were measured by using a single
pulse method at a resonance frequency of 46.1 MHz with a Bruker

the effective exchange integrdlwere obtained using eqs-4. INDO
calculations were also performed. The geometric structures of the
molecule and of the dimers were taken from the crystal struéture,
except for the hydroxyl hydrogen atom. The position of the hydrogen

DSX300 spectrometer and a 4-mm CP/MAS probe between 190 andatom of the NOH group was optimized by PRA8omputation for the

300 K. Then/2 pulse length was 1,2s. A conventional zirconia rotor
(4 mm) with a boron nitride cap was used. The specimen (ca200
mg) was carefully packed at the center of the roter§2nm long) to

trimer that is composed of contact | and contact Il 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

achieve a homogeneous temperature at the sample position, and Teflorin the crystalline phas®.

powder was used as a spacer. Dry gds that evaporated from the
liquid N2 container was used for the high-speed magic angle spinning
(7—10 kHz).

1H-MAS NMR spectra ofl. 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 th&’Pb-MAS NMR spectrum of Pb(Ngy**

(19) McConnell, H. M.; Chesnut, D. B.. Chem. Physl958 28, 107—
117.

(20) Kurland, R. J.; McGarvey, B. Rl. Magn. Reson197Q 2, 286—
301.

(21) Bordeaux, D.; Lajzerowicz-Bonneteau, J.; Briere, R.; Lemaire H.;
Rassat, AOrg. Magn. Resonl973 5, 47—52.

(22) Imachi, R.; Ishida, T.; Nogami, T.; Yasui, M.; lwasaki, F.; Takeda
N.; Ishikawa, M.Synth. Met1997, 85, 1743-1744.

(23) lwasaki, F.; Yasui, M. Unpublished work.

(24) Bielecki A.; Burum, D. PJ. Magn. Resonl995 A116 215-220.

5. Results and Discussion

Advantages of Deuterium MAS NMR for Organic Mag-
netic Solids. Figure 2 shows théH-MAS NMR spectrum (a)

(25) Chezeau, J. M.; Strange, J. Phys. Rep1979 53, 1-92.

(26) Maruta, G.; Yamaki, D.; Mori, W.; Yamaguchi K.; Nishide, Mol.
Cryst. Lig. Cryst.1996 279, 19-28.

(27) Yamaguchi, K.; Fukui, H.; Fueno, Them. Lett1986 625-628

(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Saussian 94 Gaussian, Inc.:
Pittsburgh, PA, 1995.

(29) Stewart, J. J. Rl. Comput. Chenl989 10, 209-220.




Electron Spin Density Distribution in 4-Hydroxyimino-TEMPO J. Am. Chem. Soc., Vol. 121, No. 2, 4999

\|, NOH solutions, and few experiments have been performed for the

(a) " crystalline phase. For example, wide-line proton NMR was used
H g HZCH to estimate the hyperfine coupling constant of protons of
HaG CHy TEMPO derivative$>35However, 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 hard)-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 8D-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
— T phase, as demonstrated in Figure 3. Two peaks were resolyed

100 0 -100 for both the methylene (a) and methyl (c) groups even in
(PpmMm) solution, suggesting that interconversion between the axial and

equatorial positions due to ring puckering is very slow at 298

rate of 15 kHz at 310 K. Sharp signals near 3 ppm are due to a very K. The 'SOtTOP'C shifts of the methyl an_d methylene groups in
small amount of ethanol adsorbed by the powder specimertD)  the crystalline phase changed dramatically from those in the

MAS NMR spectrum of measured at a spinning rate of 7 kHz at 298 Methanol solution. This result suggests that the electron spin
K. Arrows indicate the isotropic shifts, and asterisks represent spinning density distribution changes sensitively with deformation of the

Figure 2. (a) 'H-MAS NMR spectrum ofl measured at a spinning

sidebands. molecule. Since the molecular geometry may be different
between the solution and crystalline phases, the hyperfine
of the fully protonated specimeh and the2D-MAS NMR coupling constant should be determined in the crystalline phase

spectrum (b) of the methyl and methylene deuterated analogueof interest to discuss the mechanism of the intermolecular

2, which were measured at room temperature at spinning ratesmagnetic interaction.

of 15 and 7 kHz, respectively. The spinning sidebands were The sharp signals which appeared in spectrum ¢ are due to

clearly distinguished by using several different spinning speeds. protonated solvent in CfDD. The solvent CBOD shows a

For thelH-MAS NMR spectrum, only the two signals indicated  strong signal near 5 ppm in spectrum b. The integrated intensity

by arrows were poorly resolved, i.e., the shoulde#-8tppm of the solvent is much smaller than that of specin3gsince

and the peak at28 ppm. On the other hand, three peaks were the polycrystalline specimen showed numerous spinning side-

clearly resolved, and they were located far from the spinning bands while the solvent exhibited none.

sidebands in théD-MAS NMR spectrum. All three peaks were Determination of Hyperfine Coupling Constants in the

assigned to the methyl groups. The absorption lines of the Crystalline Phase. Temperature-dependent variations ofibe

methylene groups overlapped the peak of the methyl groups atMAS NMR spectra of (a) the methylene groups3f(b) the

—28 ppm, as discussed below. The advantage ofBRMAS methyl groups of2, and (c) the hydroxyl group oft are

NMR spectrum for organic magnetic solids is based on the small summarized in Figure 4. Many spinning sidebands appeared

magnetogyric ratig/p of deuterium compared to thaty) of a over the frequency region of the stafl@ NMR line width, and

proton ¢p/yy = 0.15), as in solution® The internuclear dipole  only the isotropically shifted region is shown for respective

coupling is small for deuterium, and magic angle spinning is partially deuterated compounds. Before discussing the hyperfine

more efficient due to the slower spin diffusion than in the case coupling constants of deuterium atoms, we should mention the

of a proton. The dipole coupling measured in hertz between motion of the methyl groups. Based on the measurement of the

deuterium and an electron spin is also small, and the line width static?D NMR line shape o2 above 130 K, all of the methyl

of the isotropic shift is smaller than that in the case of a proton. groups apparently rotate rapidly around their d@graxis, while

The hydroxyl deuterium of was clearly detected B3D-MAS the methylene groups remain static. The observed intensity of

NMR, while the hydroxyl proton o2 was not observed byH- the isotropically shifted signal of the methylene group is much

MAS NMR. Measurement of the Fermi contact shift of the smaller than that of the methyl group, since the signal intensity

hydroxyl deuterium is important for discussing magnetic is distributed over the spinning sidebands and the static line

interaction through hydrogen bonding in the crystalline phase. width of a methylene group is much larger than that of a rotating
To determine the hyperfine coupling constant and the electron methyl group.

spin density distribution of each atom of organic radical (32) Aurich, H. G. Nitroxides. IrNitrones, Nitronates and Nitroxidgs

molecules, a variety of experimental techniques have been usedpaéfiiégér Rappopprt, Z., Eds.; John Wiley & Sons: Chichester, 1989; pp

such as NMR! ESR??*3and polarized neutron diffractiot. (33) Tékui, T.; Miura, Y.; Inui, K.; Teki, Y.; Inoue, M.; Itoh, KMol.

The techniques of NMR and ESR have been applied mostly to Cryst. Liq. Cryst.1995 271, 55-66.
(34) Zheludev, A.; Barone, V.; Bonnet, M.; Delly, B.; Grand, A;

(30) Johnson A.; Everett, G. W., Ir.Am. Chem. Sod97Q 92, 6705~ Ressouche, E.; Rey, P.; Subra, R.; Schweizet, Am. Chem. S0d.994
6706 116 2019-2027.
(31) Kreilick, R. W. NMR Studies of Organic Radicals. MMR of (35) Ondercin, D.; Sandreczki, T.; Kreilick, R. W. Magn. Resorl979

Paramagnetic MoleculeMar, G. N. L., Horrocks, W. D., Jr., Holm, R. 34, 151-1609.
H., Eds.; Academic Press: New York, 1973; pp 6®48. (36) Ferrieu, F.; Nechtschein, MChem. Phys. Lettl971 11, 46-51.
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Figure 3. (a) 2D NMR spectrum of3 in CHzOH solution. The two
arrows indicate methylene signals, and the plus makiifdicates the
hydroxyl signal. The relative integrated intensity is 0.8:2.0:2.0 from a
high- to low-frequency shift. (bJD-MAS NMR spectrum of3 in the

crystalline phase. The sharp signal near 5 ppm is due to a very small

amount of CROD. The integrated intensity of the solvent is very small

compared to that of the methylene signal, since the solvent signal shows

no spinning sideband. (éH NMR spectrum of3 in CD;OD solution.
The signal of protonated methanol dissolved in;OD shows sharp
signals with spinning sidebands near 3 ppm. {B)MAS NMR

spectrum of2 in the crystalline phase measured at room temperature.

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-

/T T T T T Ty

-100
(ppm)

Figure 4. Temperature dependence of #ileMAS NMR spectra: (a)

the methylene and hydroxyl deuterated specif@dthe sharp signal
near 3 ppm is due to a very small amount of adsorbedCID); (b)

the methyl and methylene deuterated speciriefc) the hydroxyl
deuterated specimet (although the sharp signal of GOD near 3
ppm looks large, its integrated intensity is very small compared to the
intensity of the hydroxyl deuterium of integrated over all of the
spinning sidebands).

image positiond® The molecule has no symmetry, and the
unresolved signal of methylene groups shown in Figure 4a much weaker than that of the methyl group as mentioned above.
consists of several lines corresponding to the nonequivalent axialEach methyl signal consists of several components. Only the
and equatorial positions of the deuteriums. Decomposition of signal near 20 ppm could be decomposed into two different
the observed peak was difficult, and the averaged hyperfine shifts, and the shift value at the center of the signal was also
coupling constant was determined for the methylene deuteriumsestimated. The temperature dependence of these shifts was fitted
from the temperature dependence of the isotropic Fermi contactby eqs 1 and 2 as shown in Figure 5, and the results are listed
shift. The temperature dependence was fitted by eqs 1 and 2 asn Table 1. The negative hyperfine coupling constant of the
shown in Figure 5, and the coupling constApt= —0.22 MHz methyl deuterium is comparable to that of arylimino-TEMPOs
was obtained (Table 1). determined byH-MAS NMR, although the methyl and meth-
For methyl groups, we found two distinct signals around 20 ylene signals were not resolved in th¢-MAS NMR spectra’
and —40 ppm, which respectively reflected the positive and The hyperfine coupling constant of deuterium can be converted
negative signs of the temperature coefficient, as shown in Figureto that of the proton by multiplying by the magnetogyric ratio
4b. The two signals have almost the same integrated intensity,yu/yp (see eq 4). The methyl signal with a positive hyperfine
1.0:1.1-1.0:1.2. Although the methylene signal overlapped the coupling constant was assigned to the axial position, and that
methyl peak near-40 ppm, this overlapping did not disturb (37) Maruta, G.; Takeda, S.; Kawakami, T.; Mori, W.; Imachi, R.; Ishida,

the determination of the hyperfine coupling constants of the T.: Nogami T.; Yamaguchi, KMol. Cryst. Lig. Cryst.1997 306, 307—
methyl groups, since the intensity of the methylene signal is 314.
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Figure 5. Temperature dependence of the isotropic shiftbeMAS

NMR of 4-hydroxyimino-TEMPO in the crystalline phas®, meth-
ylene deuteriums o8; O, center of the signal of the axial methyl
deuteriums of; €, decomposed components of the axial methyl signal;
0, equatorial methyl deuteriums 2f M, hydroxyl deuterium oft. Since

the line width of the?D-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 egqs 1 and 2.

Figure 6. Numbering scheme for the hydrogen atoms of 4-hydroxy-

Table 1. Deuterium Spin Electron Spin Coupling Constant imino-TEMPO.

Ao/MHz of 4-Hydroxyimino-TEMPO 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

BLYP [B3LYP]

- calculations : coupling constant-0.71 MHz (+0.54 MHz), while two others
eé%irt'arﬂﬁ,l’ isolated H-bonded dimer exhibit negative values—0.32 and—0.22 MHz (-0.37 and
phase molecule H-acceptor H-donor —0.24 MHz). The values in parentheses are the results of
methylene  —0.22(1) B3LYP qalculati(_)ns._ A negative_coupling constant is induce_d
3-1 —0.21 [-0.25] —0.22 [-0.26] —0.21 [-0.25] by a spin polarization mechanism, and a positive value is
3-2 —0.07 [-0.10] —0.09 [-0.13] —0.08 [-0.11] brought about by hyperconjugation in a molecule. An unpaired
51 —0.20[-0.24] -0.20 [-0.25] —0.20 [-0.24] electron localized on the NO radical site induces an electron
5-2 —0.07 [-0.10] —0.09 [-0.13] —0.08 [-0.10] - densit by th . arizati Hoct. The si ;
ax-methyl 10 +0.12(1) +0.05[-0.02]+0.07 [-0.01]+0.05 [-0.03] ~ SP!N GENSIty wave Dby e spin polarization €fiect. The sign o
10-1 —0.32[-0.37] —0.34 [-0.40] —0.32 [-0.37] the spin density at each position alternates through successive
10-2 +0.70 40.53] +0.83 [+0.66] +0.69 [+0.53] bonds as &N(1)—Cq(})—Cs(!)—Dg(}). This mechanism makes
10-3 —0.21 [-0.23] -0.27 [-0.28] —0.21 [-0.23] the coupling constant of axial GOleuteriums negative. The
eq'lnl‘_e{hy' 1t —0.24(1) :8'33 E:g'ﬂ} :g'ﬁ {:gg} :8'1(3) E:g'ﬂ} effect of hyperconjugation exceeds that of spin polarization at
11-2 ~0.24 [-0.30] —0.22 [-0.28] —0.24 [-0.30] deuterium positions 10-2 and 13-2 and gives a positive spin
11-3 —0.06 [-0.09] —0.05 [-0.10] —0.06 [-0.09] density at these deuterium positions of the axial methyl groups.
aX-lrgeihyl 13 +0.13(2) +8-gg E—g-g% +8-(3)Z {—8-2(1)% +8-gg E—g-g% The z* orbital of the N—O radical group may be delocalized
13-2 +0.71 [+0.54] +0.82 [+0.66] +0.70 [+0.54] gy hyperconjggan%n, a}nld Sok']v'lo may elxtegd tg inezothhe
13-3 ~0.22 [-0.24] ~0.28 [-0.30] —0.22 [-0.24] euteriums of each axial methyl group (10-2 and 13-2). Fast
eg-methyl 12 —0.24(1) —0.13 [-0.17]—0.13 [-0.17] —0.13 [-0.16] rotation of the methyl group, which means rapid exchange of
12-1 —0.10 [-0.12] —0.12 [-0.14] —0.10 [-0.12] deuterium over the three positions, effectively averages the
gg :8-52 E:g-(z)g} :8-(2)3 E:g-ég} :8-52 E:g-gg} positive and negative hyperfine coupling constants. Thus, small
hydroxyl 91 —0.45(10) _oo1 [_0:01] 001 [_0:01] 051 [_0:73] positive values{0.12 and+0.13 MHz) were observed for the

aThe values were determined MD-MAS NMR. Values in

two axial methyl groups. The observed positive coupling
constant is concrete evidence of the extension of SOMO to the

parentheses are the experimental ertdihe 6-31G(d,p) basis set was : _ P . )
used. Values in brackets were calculated by B3LYP. The molecular axial methyl groups of 4-hydroxyimino-TEMPO in the crystal

geometry was taken from the crystal structure, except for the hydroxyl IN€ phase. A similar positive hyperfine coupling constant of
hydrogen atoms. The geometry of the hydroxyl hydrogen atoms was the axial methyl proton was noted for TEMPO and TEMPOL.

optimized by the PM3 method. Calculations were performed for the |nterestingly, the isotropic shift of the methyl protons ®f
isolated doublet molecule and for the hydrogen-bonded triplet dimer, appeared at-6 and—10 ppm in methanol solution at 300 K

which consists of a proton acceptor and a proton dohAveraged . T . .
value of three hydrogen atoms for the computed coupling constants. (Figure 3c), indicating that the averaged hyperfine coupling

When we took a shift value for the center of the signal of axial methyl constants of all of the methyl groups are negative. This
groups, a hyperfine coupling constant-60.07 MHz was obtained. experimental result indicates that the effect of hyperconjugation

disappeared in methanol solution and is very sensitive to the
with a negative hyperfine coupling constant was assigned to change in the molecular conformation in different phases. This
the equatorial position on the basis of BLYP and B3LYP point is important for the discussion below of intermolecular
calculations for the hyperfine coupling constants. The results magnetic interaction through methyl groups in organic magnetic
of the calculations are summarized in Table 1, and the solids.
numbering scheme for the hydrogen atoms is shown in Figure The shift of the hydroxyl deuterium changed dramatically
6. The BLYP and B3LYP calculations predict that all of the when the temperature was lowered, as shown in Figure 4c, and
hydrogen atoms of the equatorial methyl and methylene groupsa large negative hyperfine coupling constan®(45 MHz) was
exhibit negative coupling constants, which are predominantly deduced from eqs 1 and 2 (Figure 5 and Table 1). Since the
induced by the spin polarization effect within a molecule. On width of the signal of the hydroxyl group is much greater than
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Table 2. Calculated Effective Exchange Integralem* of
4-Hydroxyimino-TEMPO

BLYP2 B3LYP2 INDO expt

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

aThe 6-31G(d,p) basis set was use&eference 16.

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 | 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 th
observed value, indicating that the large electron spin density
on the hydroxyl deuterium is induced by the-® 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-ND radical group, is different from
that of the corresponding closed-shell molecule, the diamagnetic
chemical shift of the hydroxyl deuterium linked to the-1®
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 | in
Figure 1) and contact between axial methyl hydrogens and a
neighboring N-O radical group to form a zigzag chain (contact
Il). 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 integral, 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 integd&&sThe 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 | and contact Il 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 métiate summarized
in Table 2. All three calculation methods indicated ferromagnetic
interaction (positive value af) for the hydrogen-bonded dimer.
The sign of the electron spin density of the hydroxyl hydrogen
induced by an adjacent-NO radical group bearing a positive

Maruta et al.

For the axial methyl-contacted dimer, the BLYP calculation
showed antiferromagnetic interaction (negative valud) afue
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 adjacentO\radical group.
The distances are 0.247 and 0.277 ¥¥imhese 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

éJositive spin density are located far from the adjacertON

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 | 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 crystallographib 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 neighboringON
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
crystallographid 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-:2230 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-

spin is in phase with the intramolecular spin alternation, which lecular magnetic interaction in an organic magnetic crystal of

is polarized by the positive spin of the-ND radical group on 4-hydroxyimino-TEMPO, which exhibits a ferromagnetic phase

the same molecule. Thus, hydrogen bonding contributes to thetransition at low temperature. A large negative electron spin

intermolecular magnetic interaction as a ferromagnetic coupler density was found at the deuterium atom of the hydrogen-bonded
in the crystalline phase of 4-hydroxyimino-TEMPO. hydroxyl group of partially deuterated 4-hydroxyimino-TEMPO
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in the crystalline phase by high-speed magic angle spiriilng  tion between the SOMO that is spread on the methyl group by
NMR. The large negative electron spin density is induced by hyperconjugation and the SOMO of the neighboring molecule.
the N—O radical group of the neighboring molecule through The high-speed magic angle spinning deuterium NMR method
hydrogen bonding and mediates the intermolecular ferromag-is very useful for investigating the local magnetic structure in
netic interaction within the hydrogen-bonded chain. A small the crystalline phase and the mechanism of intermolecular
positive hyperfine coupling constant was observed for the axial magnetic interactions at a microscopic level.
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of each hydrogen atom were effectively averaged by rapid  acknowledgment. This research was supported by grant-
rotation of the methyl group at high temperature. One of the j,_5iq for Scientific Research on Basic Science (No. 09640681)
axial methyl hydrogens bearing a negative spin density estab-gnq on Priority Areas (A) “Creation of Delocalized Electronic
lishes ferromagnetic contact with theD radical group of a Systems” (No. 10146212) from the Ministry of Education
neighboring chain. Generally, the axial methyl group may Science, Culture and Sports of Japan. S.T. is grateful to t,he
contribute to both the ferromagnetic and antiferromagnetic Iketani écience and Technology Foundation for a financial

mteracnons with a slight change in the orientation and c_:onfor support. G.M. thanks the Japan Society for the Promotion of
mation of the methyl group, due to the presence of two different . _ -

. . S i - . Science for Young Scientists for a Research Fellowship.
mechanisms, i.e., ferromagnetic indirect interaction assisted by

spin polarization, and ferro- or antiferromagnetic direct interac- JA982393W



