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II-SPIN DENSITY DETERMINATION OF PHENYLNITRONYL NITROXIDE
RADICAL: A LIQUID-PHASE ENDOR/TRIPLE STUDY

TAKEJI TAKUIL,! YOZO MIURA,2 KUNIO INUI,2 YOSHIO TEK!,3 MAKOTO
INOUE,! and KOICHI ITOH?

IDepartment of Chemistry and 3Department of Material Science, Faculty of
Science, and 2Department of Applied Chemistry, Faculty of Engineering,
Osaka City University, 3-3-138 Sugimoto, Sumiyoshi-ku, Osaka 558, Japan

Abstract The molecular building block of the first well-characterized purely
organic crystalline ferromagnet is 4,4,5,5-tetramethyl-3-oxide-2(p-nitro-
phenyl)-2-imidazolin-1-yloxyl doublet radical. Among the diverse subjects
of organic molecular crystalline ferromagnetism, the spin density distribution
of the molecular building unit gives fundamental bases for understanding the
underlying mechanism. In this work, an attempt has been made to determine
experimentally the magnitudes and relative signs of the T-spin densities on
the aromatic ring carbon sites (except the site 1) of 4,4,5,5-tetramethyl-3-
oxide-2-phenyl-2-imidazolin-1-yloxyl doublet radical (abbreviated to 2-
phenylnitronyl nitroxide) by liquid-phase ENDOR/TRIPLE spectroscopy. A
series of partially deuterated 2-phenylnitronyl nitroxide compounds have
given an unequivocal experimental identification of the ring protons: the spin
densities of the ortho (2',6'), meta (3',5'), and para (4') proton are portho= -
0.023, pmeta= +0.013, and prara= -0.0207, respectively, and 2;pi= -0.0407.

The results show that 2-phenylnitronyl nitroxide undergoes negative spin
polarization in the phenyl ring because the negative spins exceed the positive
ones. The results have been compared with those obtained from polarized
neutron diffraction measurements on the single crystal of 2-(p-nitrophenyl)-
nitronyl nitroxide by Schweizer et al. The INDO calculation has been tested,
indicating that the calculation gives an overestimation a great deal for the
hyperfine coupling constants of the aromatic protons.

INTRODUCTION

Organic molecular based magnetism!.2 (abbreviated to organic magnetism) has been
the topic of wide-increasing interest in many fields of both pure and applied science
for the last decade.3:4 This is due to the fact that the study of organic magnetism
has conveyed important and intriguing conceptual advances in chemistry and physics.
This is partly due to the rich variety of novel physical phenomena and properties
which organic magnetic materials are expected to exhibit both macro- and meso-
scopically, and due to their potential applications as the future technology in

materials science.3¢.5
55
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Recently, the first purely organic molecular crystalline ferromagnet has
emerged.®:7 The molecular building block is 4,4,5,5-tetramethyl-3-oxide-2-(p-
nitropyenyl)-2-imidazolin-1-yloxy! doublet radical (abbreviated to 2-(p-nitro-
phenyl)nitronyl nitroxide), which is depicted in Figure 1 (X=p-NO2). Among
isomorphous crystal forms of 2-(p-nitrophenyl)nitronyl nitroxide only the B phase
crystal exhibits bulk ferromagnetism (Tc~0.6K).

The subject of organic molecular crystalline ferromagnetism is diverse.
Particularly despite the existence of the anisotropy due to crystallographic
directions, purely organic crystaliine ferromagnets composed of light atoms with
small spin-orbit interactions are expected to be ideal isotropic ferromagnets,
together with spin glasses as the so far best known examples of amorphous magnets
characterized by small remnant anisotropies. Purely organic molecular crystalline
ferromagnets are also anticipated to exhibit low dimensionality. Extensive studies
including the heat capacity and Jlon spin rotation measurements below 1K have been
made by Kinoshita's group on this crystalline ferromagnet in order to disclose its
particular structure-magnetism relationship. 7€ Also an attempt has been made by
Yamaguchi's group to reproduce the observed long-range ferromagnetic ordering
temperature by means of a quantum chemical calculation based upon the precise
knowledge of the B phase crystal structure, taking into account all the intermolecular
exchange interactions and packing modes.8 It turns out that a breakthrough in
understanding the underlying mechanism for this purely organic crystalline ferro-
magnetism is required to be associated with the precise knowledge of the spin
density distribution of the constituent molecule, most preferably in the crystal.

2-Substituted phenylnitronyl nitroxide also has frequently been exploited as a
pertinent monomer unit for quasi 1D purely organic polymer ferromagnets, 18,9
where the molecular design is based on topologically controlied T spin polarization
{through-bond approach)Al The through-bond approach to organic magnetism has
essentially invoked the robust spin polarization of the T electron network in organic
molecules. In view of materials challenges, it is of essential importance to
characterize 2-substituted phenylnitronyl nitroxide in terms of spin polarization since
organic high-spin polymers have been emerging. 10

The precise determination of the spin density distribution, particularly of the
T-conjugated atomic sites, is not only essential for rationales, in terms of molecular
orbital picture, for underlying mechanisms of organic magnetism from a microscopic
viewpoint, but also tests in a quantitative sense the general validity of the above
quantum chemical calculation,8 providing the possible calculation of other physical
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parameters depending on the microscopic details of the system. Obviously, the
knowledge obtained from the crystalline ferromagnet is of crucial importance for the
designing of organic molecular amorphous magnets as well as for better control of
the characteristics for future potential applications.3¢.5 Thus, we present in this
paper an unequivocal experimemal determmamn of the spm density dlstnbutlon of
2-phenylnitronyl nitroxide (see Figure 1 (X~H)) focusing on its phenyl proton
hyperfine coupling constants (hfccs). The determination has been carried out by
liquid-phase 'H-ENDOR/TRIPLE spectroscopy. In order to obtain an unambiguous
spectral assignment of the phenyl protons, we have synthesized a series of deuterium
labeled 2-phenylnitronyt ‘nitroxide radicals. The spin density distribution has been
compared with that obtamed by polarized neutron scattering studies of the crystal of
2-phenylnitronyl mtroxide lxgaddltlon,, an INDO calculation of the hfccs has been
carried out for the comparison with the observed ones.

X = p-NO,, p-vinyl, OH, etc.

(Me=-CH;)
FIGURE 1 2-Substituted phenylnitronyl nitroxides. X=H: 2-phenylnitronyl
nitroxide.
RESULTS AND DISCUSSION
Liquid-Phase ESR and 'H:

The synthetic pathways correspt)ndmg to non-deuterium labeled 2—phenylmtronyl
nitroxide radical a and deuterium labeled ones b-¢ are shown in Scheme I and 1.
Experimental details will be published elsewhere.

Liquid-phase ESR spectra of 2-substituted nitronyl nitroxide radicals usually
exhibit only hyperfine structures characteristic of two equivalent nitrogen nuclei as
shown in Figure 2, and hyperfine splittings due to ,proténs are rarely resolved
except for 2-methyl substituted one because of a large amount of the localization of
an unpaired electron on the two equivalent NO sites, indicating a salient feature of
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the singly occupied molecular orbital (SOMO) of 2-substituted nitronyl nitroxide
radicals. Neither a liquid-phase ESR spectrum of perdeuterated (b) nor partially
deuterated 2-phenylnitronyl nitroxide radical (c-e) showed additional hyperfine
splittings in mineral oil. This partly arises from unresoclved hyperfine lines due to
the twelve protons of the four methyl groups. Efforts to label all the methyl
protons with deuterium were made, but the complete deuteration of the methyl
protons was unsuccessful.

L i 1 H 1 1 1

3370 3380 3330 3400
Magnetic Field/G

FIGURE 2 Liquid-phase ESR spectrum of 2Z-phenylnitronyl nitroxide ob-

served in mineral oil at 280K. The microwave frequency was 9.626541GHz.

Figure 3a shows a liquid-phase 'H-ENDOR spectrum of non-deuterated 2-
phenylnitronyl nitroxide a in mineral oil observed at room temperature. The most
intense central ESR line was monitored in order to observe ENDOR transitions. The
spectrum was obtained using CAT technique with a frequency modulation depth of
9.88 kHz and a phase-sensitive detection frequency of 12.5 kHz. The modulation
depth was approximately a tenth of the ENDOR linewidth. Further resolution
improvement was not obtained with the modulation depth reduced.

In the case of the doublet (S=1/2) radical, the IH-ENDOR signal assignable to
the hfcc value smaller than 2vnH appears at frequencies V,=|vnHxAi/2] to a good
approximation, where unH stands for NMR frequency for free proton {unH=14.461
MHz in Figure 3a) and Ai for the proton hfcc. Ai can be determined directly from
the separation between a pair of the ENDOR transitions V=. [t is worth noting that
assuming that radio frequency power is constant in the limited range of swept
frequency and | Ai|<|2vaH| the proton signal intensity is nearly proportional to the
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FIGURE 3 Liquid-phase 'H-ENDOR spectra of non-deuterated a and partlly

deuterated 2-phenylnitronyl nitroxides b-e observed in mineral oil at ambient

temperature. The pair of arrows designates the proton assignment.

(e)The meta and methyl proton signals overlap each other. The outermost

trace signals were due to partially deuterated 2-phenylnitronyl nitroxide

radicals produced by undesired reactions of o- or p-proton substitution.
number of equivalent protons with particular hfccs if protons in the system
experience similar spin relaxation processes. The condition of |Ai|<|2vnH|
assures that the variation of the ENDOR transition probability as a function of the
transition frequency is small. The integrated signal intensity ratio of the innermost
intense pair in relative to the other pairs in Figure 3a suggested that the innermost
pair signal was attributable to the twelve methyl protons, the outermost pair to

ortho- and/or meta-phenyl protons, and the remaining one with a weak intensity to
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para-phenyl proton. A close study of the lineshape of the innermost pair suggested
that there occurred overlapping signals with an hfcc value {ca. 0.82 MHz) a little
larger than those of the dominant components (ca. 0.58 MHz). The hfcc value of
0.82 MHz was assigned to meta-pheny!l protons. The masking of the component
(0.82 MHz) seen in Figure 3a was confirmed in the spectral analyses of partially
deuterated 2-phenylnitronyi nitroxides. Three well-separated pairs of the signals in
Figure 3a give directly three sets of the proton hfccs; |A1]=0.576 MHz,
| A2]=1.310 MHz, and | A3|=1.454 MHz. The hfcc for the masked components was
estimated to be |A4|=0:82 MHz.

Figure 3b shows a !H-ENDOR spectrum of perdeuterated 2-phenyl-
2',3'.4' 5" 6'-ds-nitronyl nitroxide b in mineral oil observed at 297K. No trace sig-
nal arising from undesired partially deuterated 2-phenylnitronyl nitroxides was
detected as seen in Figure 3b, indicating that successful synthetic processes were
carried out. A pair of the observed signals with a broad linewidth unequivocally
arise from the approximately equivalent tweive protons of the methyl groups of the
imidazo! ring.

Figure 3c shows a !'H-ENDOR spectrum of partially deuterated 2-phenyl-
3',5'-dz2-nitronyl nitroxide ¢ in mineral oil observed at 283K. The outermost pair
was assigned to the two ortho-phenyl protons (A3°rtho)  the innermost pair to the
methyl protons (Ai1CH3) of the imidazol ring, and the remaining pair with the weakest
intensity to the single para-phenyl proton (Az2pPara), respectively.

Figure 3d shows a !H-ENDOR spectrum of partially deuterated 2-phenyl-
2',3,5',6'-d4-nitronyl nitroxide d in mineral oil observed at 283K. Both Figure 3b
and 3d exclusively show that the ENDOR transition yielding |A2|=1.310 MHz in
Figure 3a is assigned to the para-phenyl proton. No trace signal from undesired
deuterated compounds was observed.

Figure 3e shows a liguid-phase 'H-ENDOR spectrum of partially deuterated
2-phenyl-2',4',6'-d3-nitronyl nitroxide e in mineral oil observed at 283K. The
overlapping line with the hfcc value of 0.82 MHz was attributed to the two meta-
phenyl protons (A4meta),

Determination of Relative Signs for Proton Hfccs by 'H-TRIPLE Resonance

The determination of the relative signs of the proton hfccs is of crucial
importance for understanding the magnetic properties on the basis of the micro-
scopic details of the system. An attempt to experimentally determine the relative
signs was made by electron-nuclear-nuclear TRIPLE resonance spectroscopy as
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shown in Figure 4. The detection of a significant TRIPLE effect was hampered by
the intense signals from the methyl protons of the imidazol ring. The relative signs
of the hfccs in Figure 3 were, however, determined by means of general TRIPLE
technique except the sign for the meta-phenyl proton. For the complete
determination, the deuterium substitution of the four methyl groups is required.

dec.

|

| ] Jd 1 L

13.0 13.5 14.0 14.5 15.0 15.5 16.0
Frequency/MHz

FIGURE 4 Liquid-phase general 'H-TRIPLE spectrum of non-deuterated 2-

phenylnitronyl nitroxide observed in mineral oil at 290K. The pump

frequency was 14.18MHz.

H +5.386 (+1.310)

H H -3.686 (-0.82)
H H +6.533 (+1.454)
o—N" “N—o N: 19.349 (20.405)
HSC\\\“ '.:ll;CHa _1.040 (“0.576)
CHs CH,

FIGURE 5 Observed and calculated hfccs in units of MHz for all the protons
of 2-phenylnitronyl nitroxide. The observed hfcc values are in parentheses.

Comparison of Observed Proton Hfccs with Calculated Ones by INDO MO Method
In Figure 5 are summarized both the observed and calculated hfccs for all the

protons of 2-phenylnitronyl nitroxide. The calculated hfccs were obtained by the
INDO MO method assuming 50 degree of the dihedral angle between the 2-phenyi
and imidazol ring and the molecular structural parameters of 4'-substituted 2-
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phenylnitronyl nitroxide which have been obtained by X-ray crystal analysis. Figure
5 shows that the INDO MO calculation reproduces the relative magnitude of the
hfccs but overestimates their values, nearly four times larger for the phenyl proton
and nearly two times larger for the methyl proton of the imidazol ring. The change
in the dihedral angle effected only the slight reduction of the hfccs. On the other
hand, the INDO MO calculation reproduced ca. 93% of the observed hfcc for the
nitrogen nuclei of the imidazol ring.

T Spin Densities on Phenyl Carbon Sites and Comparison with Those from Polarized

Neutron Scattering Experiments by Schweizer et al.

In Figure 6b are summarized the T spin densities pis calculated from the
observed hfccs assuming that McConnell relationship Al = Qp! (Q= -63.24 MHz,
i=ortho, meta, para) holds for the phenyl T system of 2-phenylnitronyl nitroxide.
P! ranges from ca. -0.023 to 0.013, indicating a small amount of the spin
delocalization in the phenyl T system and the possible occurrence of negative m-spin
polarization overwhelming the spin delocalization in the phenyl ring: Zipi=-0.0407
(i=ortho (2',6"), meta(3',5'), and para(4')) and the spin density on the carbon site 1’
of the phenyl ring was not experimentally determined. The occurrence of the
negative spin polarization in 2-phenylnitronyl nitroxide can be compared with the
result from polarized neutron diffraction experiments by Schweizer et al. on the B
phase single crystal of 2-(p-nitrophenyl)nitronyl nitroxide. As seen in Figure 6a,
the reconstructed spin density distribution determined by the neutron scattering
experiment12 agrees with our result. The former which reflects the feature of the
SOMO of 2-(p-nitrophenyl)nitronyl nitroxide was obtained as the average of the
spin densities of the two distinguishable molecules in the crystal. The comparison is
the highlighted part of the present work, giving crucial information about underlying
mechanisms in the crystalline ferromagnet. Also more advanced and reliable
theoretical calculations which reproduce the present result are to be invoked for a
thorough understanding of underlying mechanisms in the first purely organic
crystalline ferromagnet.

CONCLUSIONS

Using liquid-phase 'H-ENDOR/TRIPLE spectroscopy we have given the complete
determination of the hfccs for all the protons of 2-phenylnitronyl nitroxide, whose T
spin density distribution can provide the precise and important microscopic
knowledge of underlying mechanisms in the first purely organic molecular crystalline
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(a) Polarized Neutron Diffraction®  (b) Liquid-Phase 'H-ENDOR/TRIPLE

( Single Crystal of p-NO,PNN )
-0.013 -0.0207
0.012 0.004 0.013 0.013
-0.005 -0.025 -0.023 -0.023
.001

- 4 . - 4
o—N" N—0 o—N~ “n—0o

Y pi=-0.0407
(in units of B ) pheryl

FIGURE 6 Experimentally determined W spin densities on the phenyl carbon
sites and comparison with those from polarized neutron scattering experi-

ments by Schweizer et al.11 (a) By Shweizer et al. {b) This work.

ferromagnet composed of 2-{p-nitrophenyl)nitronyl nitroxide radical as the mole-
cular building block. The electronic spin structure of 2-phenylnitronyl nitroxide
has been characterized in terms of the T spin density distribution of the phenyl ring.

An unequivocal assignment of the !H-ENODR transitions has been carried
out with the help of the deuterium substitution of the phenyl proton. The INDO
MO calculation of the hfccs has been tested. It turned out that the INDO MO
method gave an overestimation a great deal for the proton hfccs. From the
experimental proton hfccs the T spin densities on the carbon sites in the phenyl ring
have been derived, showing that a small amount of the spin delocalization ranging
from -0.023 to 0.013 takes place in the phenyl T system. The results show that 2-
phenylnitrony! nitroxide undergoes negative T spin polarization in the phenyl ring.
The experimentally determined T spin density distribution reasonably agrees with the
one obtained by Schweizer et al. from the poiarized neutron diffraction experiments
on the B phase single crystal of 2-(p-nitrophenyi)nitronyl nitroxide.

2-Substituted phenylnitronyl nitroxide as a pertinent monomer unit for
polymer ferromagntes undergoes the negative spin polarization of the phenyl ring,
which possibly hampers the topologically controlled spin polarization of extended
polymeric systems. Knowledge of the spin density distribution of the constituent
molecular unit serves as for the modeling of crystal molecular engineering in organic

magnetism.
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