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Manipulating the Through-Space Spin—Spin Interaction of Organic Radicals
in the Confined Cavity of a Self-Assembled Cage

Koji Nakabayashi,™ Masaki Kawano,*'* Tatsuhisa Kato," Ko Furukawa,'"!
Shin-ichi Ohkoshi,'!! Toshiya Hozumi,'"! and Makoto Fujita*!*!

Abstract: We show a new approach to
manipulating the through-space spin—
spin interaction by utilizing the con-
fined cavity of a self-assembled ML,
coordination cage. The coordination
cage readily encapsulates stable organ-
ic radicals in solution, which brings the

through-space spin—spin interaction is
induced through cage-encapsulation ef-
fects in solution as well as in the solid
state, resulting in the triplet state of
the complex. These results were con-
firmed by ESR spectroscopy and X-ray
crystallography. The quantity of triplet

species generated by encapsulation in
the cage increases with increasing affin-
ity of the radicals to the cage. We esti-
mated the affinity between several
types of guests and the cage in solution
by cyclic voltammetry. We also demon-
strate that the through-space interac-

spin centers of the radicals closer to
each other. In sharp contrast to the
fact that the radical in solution in the
absence of the cage is in a doublet
state, in the presence of the cage

Introduction

Since the discovery of ferromagnetism in an organic radical
in 1989, organic radicals and metal complexes have attracted
considerable attention because they are promising in the de-
velopment of molecule-based magnetic materials and devi-
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tion of organic radicals within the self-
assembled coordination cage can be
controlled by external stimuli such as

- palladium
heat or pH.

ces, which have flexible designs based on organic synthesis.!!
Recent reports have revealed intriguing characteristics of or-
ganic radicals such as magnetic bistability and photorespon-
sive magnetism.””! One of the most-important tasks in devel-
oping organic magnets is to induce spin—spin interaction by
a “through-bond” or “through-space” approach. The
through-bond approach has been intensively studied and de-
veloped because it can produce ferromagnetic spin—spin in-
teraction much more easily than the through-space ap-
proach.P! Furthermore, the through-space spin-spin interac-
tion, which is proportional to 1//* (r=spin-spin distance), is
ordinarily very weak and does not work effectively because
bulky functional groups attached beside the spin center of a
stable radical stop the spin centers from being spontaneous-
ly close to each other.I"* Therefore, spin centers need to be
restrained by chemical bonds to produce spin-spin interac-
tion. However, the through-bond approach is inflexible in
designing and preparing magnetic molecules and in switch-
ing the magnetic interactions.

Numerous metal complexes, especially cyano-bridged
complexes, have been synthesized and studied because spins
on metals can readily interact with each other by super-ex-
change interaction through cyano groups to induce bulk
magnetism effectively.”) Magnetism responsive to external
stimuli such as photoexcitation and humidity was later dis-
covered.”! Recently, magnetism of host-guest systems con-
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sisting of host metal complexes and guest molecules such as
water, alcohol, and small aromatic molecules has begun to
draw attention because the magnetism can be tuned by
guest exchange.”!

In contrast with the guest-tuneable magnetism of coordi-
nation-complex systems mentioned above, we report herein
the induction of spin-spin interaction between organic radi-
cals by using self-assembled coordination cages. Prior to this
work, we demonstrated the encapsulation of organic mole-
cules, the stereoselective transformation of the guests, and
the stabilization of labile species within coordination
cages.®! In this article, we report that self-assembled cages
1a and 1b encapsulate organic radicals 2-5, which have no
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particular intermolecular interactions in solution, to form
stable host-guest complexes and induce the triplet state.
The radical centers of the guests are forced to be close to
each other within the cavity of cages. As a result, through-
space interaction between the two organic radicals is ob-
served even in solution. Moreover, we show that the interac-
tion can be controlled by external stimuli such as heat and
pH. Preliminary results with radicals 2 and 3 have been pre-
viously reported.”

Abstract in Japanese:
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Results and Discussion
Preparation of Host—Guest Systems

The self-assembly of cages 1a and 1b and their host proper-
ties have been previously described.!”! A series of clathrate
compounds 1a-(2),, 1b-(3),, 1a-(4),, and 1a-(5), were readily
prepared by suspending an excess of powdered guest in the
solution of a cage at 293 K for 1 h. The driving force of en-
capsulation is hydrophilic interaction between the cage and
the guest. Single crystals of all the clathrate compounds suit-
able for X-ray analysis were obtained by slow evaporation
of the solution. The host-guest stoichiometries were con-
firmed by elemental analysis.

Radical 2 encapsulated in 1a in H,O showed a broad ab-
sorption band at 650 nm accompanied with vibronic cou-
pling (Figure 1), whereas no vibronic coupling was observed
in the absence of 1a (Figure S1). Vibronic coupling in 2 was
also observed in acetone in the absence of 1a. Therefore,
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Figure 1. UV/Vis spectra of a) a solution of 1a in 5 mm H,O, b) a solution
of 2 in 10 mM acetone, and c) a solution of 1a:(2), in 5 mm H,O at 293 K.

the presence of vibronic coupling even in H,O (Figure 1c)
indicates that the radicals are present in the hydrophobic
cavity of 1a. Vibronic coupling was observed in 1b:(3), as
well (Figure 8a).

Crystallographic Study

The crystal structures of 1a:(2),, 1b-(3),, 1a-(4),, and 1a-(5),
were determined by X-ray diffraction with a SMART CCD
area detector diffractometry system. Crystallographic analy-
ses clarified that guests 2, 3, and 4 are encapsulated at spe-
cific positions within the cage. The hydrophobic functional
groups, such as naphthyl, aminophenyl, and phenyl groups,
face the hydrophobic interior of the cage (Figure 2). Nota-
bly, the spin centers about the nitronyl nitroxide groups" of
these radicals in the cage are considerably closer to each
other than those in the guest crystals. The average intermo-
lecular distances between the nearest and farthest spin cen-
ters are 5.9, 6.3, and about 6 A for 2, 3, and 4, respectively.
In particular, the shortest interguest distance (~3.1 A) in
1a-(2),, between the two oxygen atoms of the nitronyl ni-
troxide groups, is comparable to the sum of the van der
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Figure 2. Crystal structures of clathrate complexes a) 1a-(2),, b) 1b-(3),,
c)1a-(4),, and d)1a-(5),. Oxygen and nitrogen atoms are colored red
and blue, respectively.

Waals radii. On the other hand, the radicals themselves take
on an antiparallel packing in the guest crystals owing to the
bulky methyl groups adjacent to the spin centers, which po-
sition the spin centers between radicals far from each other
(Figure S2).1'”l These results show that the radicals are effec-
tively packed within the cage to interact with each other be-
cause of the steric constraints of the cavity.

Cavity-Induced Through-Space Spin—Spin Interaction

ESR studies clarified that 1a:(2), has a triplet state in both
the solid state and in solution, whereas radical 2 in the ab-
sence of cage 1a always showed a doublet state. In the solid
state, 1a-(2), showed a split signal at around 320 mT and a
signal at a half-field corresponding to a Am,=2 transition
(Figure 3a). Both signals unambiguously prove the triplet
state of 1a:(2),. The distance (r) between spin centers was
estimated to be 5.8 A by a point-dipole approximation (in
which the split width D’ is approximately proportional to
1/r*). The estimated distance r corresponds to the observed
average distance between the spin centers of the nitronyl ni-
troxide groups (5.9 A) determined by X-ray analysis. This
result indicates that the triplet state is induced by the inter-
molecular spin—spin interaction of radicals within the cage.
Signals observed for 1a-(2), were broader than those of 2
in the guest crystal because there were several arrangements
of radicals in the cage (Figure 3a,b, top), as indicated by the
disordered structures in the crystallographic analysis. In con-
trast with 1a-(2),, radical 2 in the guest crystal showed a typ-
ical doublet signal as expected from the antiparallel packing
pattern (Figure 3b). Measurements of the magnetic suscepti-
bility and variable-temperature ESR spectroscopy con-
firmed that this triplet state is the excited state with an
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Figure 3. ESR spectra of a) the clathrate compound 1a-(2), in powder
(top) and 5 mm solution (bottom) and b) the radical 2 in powder (top)
and in saturated solution (bottom). Bars indicate signals derived from
the triplet state. Asterisks indicate Mn** external reference.

energy difference of 0.6 cm™', which corresponds to a spin-

exchange interaction of J=—0.3 cm™" (Figures S3 and S4).

In solution, the ESR spectrum of 1a-(2), involves two sig-
nals (Figure 3a, bottom). One is a sharp doublet-state
signal, which is split into a 1:2:3:2:1 quintet owing to cou-
pling with two nitrogen nuclei (I=1). Another is a split
broad signal attributed to the triplet state. The triplet-state
signal was also observed both in the solid and in frozen solu-
tion. This result shows that the radicals can interact with
each other even in solution because they are encapsulated
and geometrically fixed in the cage. The split width becomes
narrower and the signal becomes broader because of a fast
exchange between the triplet and the doublet states. On the
other hand, radical 2 in the absence of 1a showed a typical
doublet spectrum because there was no particular interac-
tion between radicals (Figure 3b, bottom). The other clath-
rate compounds, 1b-(3),, 1a:(4),, and 1a:(5),, also showed
triplet-state spectra in the solid state (Figure S6). In solu-
tion, however, the inductions of the spin—spin interaction of
these radicals were weaker than that of 1a-(2),, because the
interaction between radicals 3, 4, and 5 and the cages were
not so strong and allowed for more opportunities for the
radicals to be outside the cage. The triplet signal intensities
decreased in the order 1a-(2),, 1b-(3),, 1a-(4),, and 1a-(5),
(Figure 4).

Relationship between Spin-Spin Interaction and Guest
Affinity to the Cage

The quantity of triplet species induced by encapsulation in
the cage is expected to correlate with the affinity of the radi-
cals to the cage. We estimated the affinity in solution by
cyclic voltammetry (Figures 5 and S7-S9). The guest with a
higher affinity to 1a showed a larger cathode shift in the
half-wave potential, AE:,"* = E:,"*(clathrated guest)—E:,"*
(free guest), because it is more shielded by the cage.”! In
fact, radical 2, which has the highest affinity to 1a in solu-
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Figure 4. ESR spectra of a)2 (10 mm), b) 3 (10 mm), c) 4 (10 mm), and
d) 5 (10 mm) in the presence of cage 1a (5 mm) in H,O. Bars indicate sig-
nals derived from the triplet state. Asterisks indicate Mn*>* external refer-
ence.
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Figure 5. Cyclic voltammograms of radical 2 (1 mm) in the presence of
cage 1la (0.5mm) (black line) and radical 2 (saturated) (gray dashed
line). Scan rate =100 mVs™' versus Ag*/AgCl, 30 mm NaNOs.

tion, showed the largest AE,,”* value (102 mV). Radical 3

also showed a high affinity (AE,,"* =68 mV). The AE,**

values of 4 and 5 were 38 and 2 mV, respectively. The order

of the quantity of the triplet-state species estimated by ESR

spectroscopy (Figure 4) agreed reasonably with that of the
o+

affinity determined by AE:, ™.

Thermal and pH Control of the Through-Space Spin—Spin
Interaction

The through-space spin-spin interaction should be quite sen-
sitive to external stimuli because the radicals are sustained
within the cage only by relatively weak hydrophobic forces.
Because the affinity between the radicals and the cage is an
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important factor for controlling the spin—spin interaction as
mentioned above, we attempted to manipulate the radical
arrangements in the cage with heat or pH. In the case of
thermal control, when a solution of 1a-(2), was warmed
from 103 to 363 K, the split width between the broad signals
attributed to the triplet state gradually decreased, because
the equilibrium between triplet and doublet states was shift-
ed towards the latter (Figure 6). The frozen solution of

(C) * % * *

310 320 330 340
H/mT —mMmM

Figure 6. Temperature-dependent ESR spectra of 1a+(2), in a) the solid
state (top) and b—e) 5 mm solution: b) 103 K (frozen), c) 273 K (frozen),
d) 293 K, e) 363 K. Bars indicate signals derived from the triplet state.
Asterisks indicate Mn** external reference.

1a-(2), gave an ESR spectrum similar to that for the powder
owing to a shift of the equilibrium to the triplet state. In so-
lution, however, the interaction became weaker as radicals
could move around readily, and the doublet state became
more stable. At 363 K, the triplet species was hardly ob-
served. These thermal changes were reversible.

Besides thermal control, we examined pH control of the
spin-spin interaction. Radical 3 with a protonation site at
the amine group responded to proton concentration in solu-
tion, but radical 2, with no protonation site, did not respond
at all." The clathrate compound 1b-(3), also showed a typi-
cal triplet spectrum at pH 6.5 (Figure 7a). When the solu-
tion was acidified to pH 1.3 with HNO;, the triplet signal
disappeared and, instead, a doublet signal appeared with a
hyperfine structure due to coupling with the nitrogen nu-
cleus (Figure 7b).*1 When the acidic solution was again ad-
justed to pH 6.5 with K,CO;, the triplet signals reappeared
(Figure 7c). These observations suggest that the protonated
radical 3-H" was released from the cage in acidic solution,
and the released radical was re-encapsulated in the cavity of
1b by neutralization.

This reversible “release-and-encapsulation” mechanism
was confirmed by UV/Vis absorption experiments. The
clathrate compound 1b-(3), at pH 6.5 showed an n—m* tran-
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Figure 7. ESR spectra of 1b-(3), (0.5mm, 103 K): a)initial solution
(pH 6.5), b) solution acidified with HNO; (pH 1.3), c) solution neutral-
ized with K,CO; (pH 6.5). The insets show forbidden transitions. Bars in-
dicate signals derived from the triplet state.'” Asterisks indicate Mn**
external reference.

sition absorption band at 650 nm accompanied by vibronic
coupling derived from 3, although radicals 3 and 3-H™ in the
absence of 1a in solution showed absorption bands without
vibronic coupling at 650 and 560 nm, respectively (Figure 8).
Under acidic conditions (pH 1.3), 1b-(3), showed absorption
bands at both 560 (without vibronic coupling) and 650 nm,
suggesting that 3 in 1b and decapsulated 3-H* were in equi-
librium (Scheme 1). Deconvolution analysis of the spectrum
of 1b-(3), at pH 1.3 showed a ratio of encapsulated to de-
capsulated radicals of 3:7 (Figure S13). After neutralization
with K,CO;, the spectrum obtained was almost identical to
the original one at pH 6.5, thus indicating the re-encapsula-
tion of 3 in 1b (Figure 8a)

Conclusions

We have demonstrated that a self-assembled coordination
cage encapsulates stable organic radicals within its hydro-
phobic cavity and successfully induces through-space spin—
spin interaction between the radicals. The salient feature of
the coordination cage is the moderate interactions between
the host and the guest. Therefore, the spin—spin interaction
can be readily manipulated by thermal or pH stimuli rever-
sibly. Our approach, which uses the confined cavity of a self-
assembled cage, provides a more-flexible design of spin sys-
tems with metal complexes or radicals.
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Figure 8. a) UV/Vis spectra of 1b-(3), (0.5mm, 293 K) in solution at
pH 6.5 (—), acidified with HNO; at pH 1.3 (-----), and neutralized with
K,CO; at pH 6.5 (——-). b) UV/Vis spectra (saturated solution, 293 K) of
radical 3 at pH 6.5 (—) and 3-H* at pH 1.3 (-----).
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Scheme 1. Equilibrium in a solution (pH 1.3) of 1b-(3),.

Experimental Section

Materials and Methods

Solvents and reagents were purchased from TCI Co., Ltd., WAKO Pure
Chemical Industries Ltd., and Aldrich Chemical, Ltd. and used without
any further purification. All ESR spectra were recoded on a JEOL JES-
REI1X spectrometer. Mn®* signals as an external standard are indicated
in inverse phase on the ESR spectra. The modulation frequency was
100 kHz. ESR spectra in solution were recorded by using a LABOTEC
capillary tube, whereas spectra in frozen solution and the solid state were
recorded with a quartz tube. All samples were freeze-dried to exclude
oxygen before ESR measurements. The g values of ESR spectra were as
follows: 2.007 -1 for 2, 3, and 4, and 2.006 &1 for 5 in either the absence
or presence of 1. All UV/Vis spectra were recorded on a SHIMADZU
UV-3150 spectrophotometer by using a cell 1 mm wide, except for the
spectrum of 2 in H,O, which was recorded with a cell 1 cm wide (Fig-
ure S1). Electrochemical experiments were performed with a BAS100B/
W electrochemical analyzer (Bioanalytical Systems). A glassy carbon
working electrode (7 mm?), a Pt counter electrode, and an Ag*/AgCl ref-
erence electrode were utilized in a single-component cell. The working
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electrode was polished with 0.05-um alumina on a felt surface and rinsed
with water prior to each measurement. All samples for cyclic voltamme-
try were bubbled with Ar gas for 15 min to exclude oxygen before meas-
urements.

Syntheses

The preparation of 1a and 1b is described in previous reports.'”!

Radical 2 used as the guest was prepared by the improved Ulman proce-
dure.'") Elemental analysis: caled (%) for C,;;H;,N,0,: C 72.06, H 6.76, N
9.89; found: C 71.19, H 6.88, N 9.62.

Radical 3 was prepared by a procedure described previously.'”!*! Ele-
mental analysis: caled (%) for C;sH,;,N;0,: C 65.19, H 8.02, N 15.21;
found: C 65.06, H 8.16, N 14.99.

1a-(2),: An excess of powdered 2 (5.6 mg, 20 umol) was suspended in a
solution (5mwm) of 1a (17.8 mg, 5 umol in 1 mL H,0) and stirred at
293K for 1 h. After filtration of surplus 2, a solution of 1a-(2), was ob-
tained. Evaporation of H,O from the solution gave powdered 1a-(2),
quantitatively, which was used for ESR measurements. Slow evaporation
of water from the aqueous solution of 1a-(2), gave single crystals suitable
for X-ray diffraction. Elemental analysis: caled (%) for
C166H134N5,04Pds21H,0: C 44.17, H 3.93, N 16.14; found: C 44.49, H
4.06, N 15.75.

1b-(3),: In a similar way, 1b-(3), was formed quantitatively. Single crys-
tals suitable for X-ray diffraction were obtained by slow evaporation of
water from the aqueous solution of the complex. Elemental analysis:
caled (%) for C,H N5,Og,Pte-21H,0 : C 38.67, H 3.65, N 15.03; found:
C 38.95, H 3.81, N 14.66.

1a:(4),: Two equivalents of 4 (2.3 mg, 10 umol) were added to a solution
(5 mm) of 1a (17.8 mg, 5 pmol in 1 mL H,O) and stirred at 293K for 1 h
to produce a solution of 1a-(4),. Evaporation of H,O from the solution
gave powdered 1a-(4), quantitatively, which was used for ESR measure-
ments. Slow evaporation of H,O from the solution gave single crystals of
1a:(4), suitable for X-ray diffraction, quantitatively. Elemental analysis:
caled (%) for C;5sH3Ns5;O4Pdg25 H,O: C 4230, H 4.04; N 16.24;
found: C 42.33, H 3.85, N 16.29.

1a-(5),: Four equivalents of 5 (3.1 mg, 20 umol) were added to a solution
(5 mm) of 1a (17.8 mg, 5 pmol in 1 mL H,O) and stirred at 293K for 1 h
to produce a solution of 1a+(5),. Evaporation of H,O from the solution
gave powdered 1a:(5), quantitatively, which was used for ESR measur-
ments. Slow evaporation of H,O from the solution gave single crystals of
1a-(5), suitable for X-ray diffraction, quantitatively. There was a slight
difference between the compositions obtained from X-ray and elemental
analysis, possibly because of the volatile character of 1a+(5),. Elemental
analysis: calcd (%) for Cg¢H;s7,N540304Pds-48 H,O: C 39.33, H 5.14, N
14.50; found: C 39.04, H 4.75, N 14.23.

Crystallography

Single-crystal XRD data for 1a:(2),, 1b-(3),, 1a-(4),, and 1a-(5), were
collected with a Siemens SMART/CCD diffractometer with Moy, radia-
tion. The data were corrected for absorption with the SADABS program.
SHELXTL-97 was used for structure solution and refinement. Because
the guest molecules 2-5 showed severe disorder, the geometric parame-
ters were restrained by using those reported previously.'” As the occu-
pancy factor of the guest molecules settled to about 50 %, the value was
fixed in the final refinement. The guests and nitrate anions were isotropi-
cally refined except for the guest 3. Non-hydrogen atoms of the cage
framework were refined anisotropically, and all hydrogen atoms were
fixed at calculated positions and refined with a riding model.

Crystal data for 1a-(2),: CyHyNyOzPds, M,=4413.14, tetragonal,
P422, a=b=29.162(3), ¢=30.451(6) A, V=25896(7) A’>, Z=4, T=
80(2) K, Pegca=1.132 gem™, 1 (Mog,)=0.71073 A; 295168 reflections
were measured, of which 31871 unique reflections (R;,;=0.2379) were
used in all calculations. The structure was solved by direct methods
(SHELXL-97) and refined by full-matrix least-squares on F* with 1048
parameters. R, =0.1504 (I>20(I)), wR,=0.3338, GOF =1.045, max./min.
residual density=2.171/—0.899 ¢ A, The details of the refinement are
described in a cif file.
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Crystal data for 1b-(3),: C,5H4Ns500s075Pts, M, =5256.79, tetragonal,
P4272, a=b=29.0831(9), c¢=30.773(2) A, V=26029(2) A, Z=4, T=
90(1) K, peea=1.341 gem™, 1 (Moy,)=0.71073 A; 404871 reflections
were measured, of which 40114 were unique (R;,;=0.1341) and were
used in all calculations. The structure was solved by direct methods
(SHELXL-97) and refined by full-matrix least-squares on F* with 1520
parameters. R;=0.0716 (I>20(l)), wR,=0.1774, GOF=1.011, max./min.
residual density=1.155/—0.831 ¢ A~ The detail of the refinement is de-
scribed in a cif file.

Crystal data for 1a-(4),: Cy4sHoNsyOgPds, M,=4617.12, tetragonal,
P42.2, a=b=29.320(4), ¢=30.182(6) A, V=25947(7) A°>, Z=4, T=
80(2) K, Peca=1.182 gem™, 4 (Moy,)=0.71073 A; 295803 reflections
were measured, of which 31506 were unique (R;,,=0.1395) and were
used in all calculations. The structure was solved by direct methods
(SHELXL-97) and refined by full-matrix least-squares on F* with 1288
parameters. R, =0.1207 (I>20(l)), wR,=0.2868, GOF =1.044, max./min.
residual density =1.206/—1.094 e A=, The detail of the refinement is de-
scribed in a cif file.

Crystal data for 1a:(5),: C;HosNs,5077,5Pds, M, =4728.38, tetragonal,
P2,2,2;, a=29.092(6), b=29.101(6), c=30.649(6) A, V=25947(8) A, Z=
4, T=81(2) K, peyea=1210 gem >, 1 (Moy,)=0.71073 A; 305517 reflec-
tions were measured, of which 62935 were unique (R;,=0.1435) and
were used in all calculations. The structure was solved by direct methods
(SHELXL-97) and refined by full-matrix least-squares on F> with 2362
parameters. R;=0.1110 (/> 20(l)), wR,=0.2748, GOF =1.042, max./min.
residual = density 1.106/—1.300 e A>. The detail of the refinement is de-
scribed in a cif file.

Crystal data for 3: C;sH,,N;0, M,=276.36, monoclinic, P2,/n, a=
13.018(2), b=9.434(1), ¢=13.505(2) A, a=y=90, f=116.840(2)°, V=
14799(3) A’, Z=4, T=90(1)K, puea=1.258 gem™, i (Mog,)=
0.71073 A; 5418 reflections were measured, of which 3305 were unique
(R;,=0.0919) and were used in all calculations. The structure was solved
by direct method (SHELXL-97) and refined by full-matrix least-squares
on F* with 187 parameters. R, =0.0968 (I>20(I)), wR,=0.2418, GOF =
1.146; max./min. residual density =0.870/—0.494 ¢ A=. The detail of the
refinement is described in a cif file.

CCDC-249974 (1a:(2),), -271224 (3), and -271223 (1b:(3),) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data Centre
at www.ccdc.cam.ac.uk/data_request/cif.
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