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Control over spins at molecular levels is a fundamental, yet
difficult task in designing magnetic functional materials. Since the
discovery in 1989 of a stable organic radical that exhibits ferro-
magnetism, numerous studies have been accumulated on organic
radicals because they are promising to the development of molec-
ular-scale magnetic devices that can be designed and synthesized
at will.1 Whereas spin-spin interaction via covalent or coordination
bonds has been well studied, through-space interaction between
organic radicals has been seldom controlled because radical centers,
whose interaction is proportional to 1/r3 (r ) spin-spin distance),
have to be located in very short distances. We report here that
organic radical2,2 which has no particular intermolecular interaction
in solution, is accommodated by self-assembled cage1 to give a
stable 1:2 host-guest complex in solution. The two radical centers
of the guests are enforced to be close to each other within the cavity
of 1. As a result, the through-space interaction between the two
organic radicals is observed in solution. Since the geometry of the
radicals is fixed only by weak hydrophobic host-guest interaction,
the spin-spin interaction is sensitive to thermal stimuli and
suppressed at elevated temperature. We note that the dimeric
aggregate of2 shows the same behavior both in solution and in
solid state because, once enclathrated in the cavity of1, the guest
does not feel the environment of the cage. Organic enclathration,
catalytic reaction, stereoselective transformations, and stabilization
of labile species within host compounds have been previously
reported.3,4

An excess of powdered2 was suspended in an aqueous solution
of 1 at 20°C for 1 h togive, after filtration of surplus2, clathrate
compound1‚(2)2.5 The 1:2 host-guest stoichiometry was confirmed
by the elemental analysis of a crystalline sample, which was
obtained by evaporating water from the solution.6 In addition, 2
molar equiv of 2 to cage1 was recovered by extraction with
chloroform, being consistent with the 1:2 complexation.

The remarkable feature of the clathrate complex1‚(2)2 is that
the enclathration induces intermolecular spin-spin interaction
between two guests, which is clearly observed by ESR.7 The ESR

spectrum of radical2 shows a sharp signal at 320 mT, which is
split into a 1:2:3:2:1 quintet due to coupling with two nucleus spins
of nitrogen atoms (I ) 1) (Figure 1a). The spectrum of1‚(2)2 in
solution at 293 K showed, however, an additional broad signal
(indicated by blue bar) besides the sharp signal of2 in a doublet
state (Figure 1c). Powdered1‚(2)2 complex also gave a similar (but
broadened) spectrum (Figure 1f). We assigned the new broad signal
to a dimeric aggregate of radical2 in a triplet state that stems from
intermolecular spin-spin interaction. The fine structure constant
(D′) of 14 mT was obtained from the powder ESR spectrum (Figure
2a). The observation of both doublet and triplet states of2 suggests
that two guest molecules adopt spin-spin-interacted and nonin-
teracted orientations in the cavity. In contrast to covalently linked
radical centers,8 the two radicals in the cavity are weakly associated
only by hydrophobic forces, and thus the spin-spin interaction is
sensitive to a thermal molecular motion. Figure 1b-d indicates that
a split width between the broad signals was decreasing when the
solution was warmed. At 363 K, the triplet species was hardly
observed. The spectral feature of the frozen solution in spectra d
and e of Figure 1 is similar to that of a powder spectrum in Figure
2a. The signal intensity at 103 K is enhanced compared to that at

Figure 1. ESR spectra of (a) radical2 (saturated) and (b-e) clathrate
complex1‚(2)2 (5 mM) in water at various temperatures. (f) Powder ESR
spectra of clathrate complex1‚(2)2 at 103 K. Signals with an asterisk are
of a Mn2+ external reference.
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273 K, according to Curie’s law. The central doublet signal
drastically became broader below 273 K because the molecular
motion was frozen.

A reliable evidence for the intermolecular spin-spin interaction
comes from the clear observation of a forbidden transition,∆ms )
2, at half the magnetic field of∆ms ) 1 (160 mT) that reveals the
presence of a triplet species (Figure 2a, inset). Particularly interest-
ing is that radical2 itself does not show a∆ms ) 2 transition even
in solid state because the steric demand of methyl groups between
radicals leads to the antiparallel packing of2 in crystal, where
radical centers are apart from each other (see the crystal structure
of 2 in Figure S2 of the Supporting Information). We therefore
speculate that the two radical centers of2 in the 1‚(2)2 complex
are very close to each other because of tight enclathration of the
two guests within the restricted cavity of1.

The postulated guest orientation was clearly evidenced by the
X-ray crystallographic analysis of the1‚(2)2 complex.9 A single
crystal of1‚(2)2 suitable for X-ray diffraction was obtained by slow
evaporation of H2O at room temperature for 3 days. Although
radical2 was considerably disordered in the cavity, the refinement
of the disordered structure revealed the close contact of two radicals

of 2 (occupancy factor, 50%) in the cage of1. In this structure, the
shortest and furthest intermolecular distances between the radical
centers are 3.1 and 8.5 Å, respectively; the former is close to the
sum of van der Waals radii of the two nitronyl oxygen atoms. From
these distances, the fine structure constant ofD′ was estimated to
be 14.3 mT by a point dipole approximation, in good agreement
with the observed value (14 mT).10

To our knowledge, our study first reveals that even nonassociative
stable organic radicals can be interacted through space if they are
forced to be in contact with each other by accommodation in a
restricted cavity. Sustained only by weak hydrophobic forces, the
spin-spin interaction should be quite sensitive to external stimuli.
Doublet/triplet switching in the cavity by, for example, photochemi-
cal or electrochemical stimuli is currently under investigation in
due course.
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Figure 2. Powder ESR spectra of (a) clathrate complex1‚(2)2 and (b)
radical2 at 103 K. The inset in (a) shows forbidden transition of1‚(2)2.

Figure 3. Crystal structure of clathrate complex1‚(2)2 (left) and config-
uration of the radicals within the cage (right).
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