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To investigate the radical site-dependence of exchange coupling in bisnitroxides, we have synthesized
novel three acridane-based diradicals, tert-butyl nitroxide groups at the 2,7-, 2,6- and 3,6-positions of
10-benzyl-10’-methyl-9,9’(10H,10'H)spirobiacridine (1-pp, 1-mp and 1-mm, respectively). Theoretical
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and experimental magnetic studies indicate that 1-pp and 1-mm exhibit a singlet ground state, while
1-mp exhibits a triplet ground state. These spin states can be explained by the spin polarization
mechanism. Quantitative analysis revealed a difference in the magnitude of the exchange coupling
constants between 1-pp and 1-mm owing to their local spin structures corresponding to 1,4- and
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Introduction

Diradicals, which contain two unpaired electrons within a
molecule, can exist in either a triplet (S = 1) or a singlet (S =
0) state due to intramolecular exchange coupling. These spin
states depend on the molecular structure." The triplet ground
state requires orthogonality between the singly occupied mole-
cular orbitals (SOMOs) to facilitate potential exchange inter-
action. This can be achieved by high molecular symmetry
(e.g., O, and spirodiradicals)* or by constructing a non-disjoint
topological m-spin system (e.g:, trimethylenemethane).” Their high-
spin configurations are promising building blocks for organic
magnetic materials® and for metal complexes with paramagnetic
ligands.® In contrast, the singlet ground state must be formed by
the SOMO overlapping, which gives rise to kinetic exchange
interactions. This is seen in molecular structures such as Kekulé
structures (e.g., Chichibabin’s hydrocarbon)’ or certain disjoint
non-Kekulé structures (e.g., tetramethylenethane).® The radical
character of singlet diradicals varies with the magnitude of
intramolecular exchange coupling,’ and those with a small
singlet-triplet energy gap are considered promising for next-
generation materials, such as singlet fission."’

Nitroxides are a commonly used radical group due to their
thermodynamic stability (=N-O°* < =N"-0") and help to
reveal correlations between substituent positions and intra-
molecular exchange couplings in diradicals. For example, it
has been reported that placing nitroxides at the 1,3-positions of
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1,3-phenylene diradical motifs (Kekulé and non-Kekulé structures, respectively).
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Scheme 1 (a) m-Phenylene’®® and (b) p-phenylene bisnitroxide >

(c) Diradicals 1-pp, 1-mp and 1-mm.

a benzene ring (Scheme 1a) results in a triplet ground state,""
while placing them at the 1,4-positions (Scheme 1b) results in a
singlet ground state.'” In addition, some bridging structures
connecting two tert-butyl phenyl nitroxide moieties have been
reported, such as vinylidene," silole** and others.">"®

In this study, we have focused on the exchange couplings
through a sp*N atom with a lone pair. While such couplings
have been previously reported in triradicals,'® the relationship
between the substituent positions of nitroxide diradicals and
these interactions remains unclear. To reveal this relationship,
we synthesized three novel diradicals with nitroxide groups at
the 2,7-, 2,6- and 3,6-positions of 9,9'(10H,10'H)spirobiacridine
(1-pp, 1-mp and 1-mm, respectively), as shown in Scheme 1c.
In these compounds, the sp® carbon at the 9-position connects
the two benzene rings, resulting in high coplanarity between
them and limiting structural flexibility. In addition, the NH site
is modified with a benzyl (Bn) group and its hyperconjugation
with the methylene group of it suppresses the dynamics of the
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NH site. These features allow a straightforward evaluation of
the correlation between the different substitution positions of
the nitroxide sites and their magnetic interactions. In fact, 1-pp
and 1-mm exhibited the singlet ground state, whereas 1-mp
exhibited the triplet ground state. This radical-site dependence
of the ground state in bisnitroxides is attributed to spin
polarization. To the best of our knowledge, this finding is the
first study on the exchange coupling through the lone pair of
the sp®-N atom in bisnitroxides.

Results and discussion
Synthesis and characterization

Compounds 1-pp, 1-mp and 1-mm were synthesized according
to the procedure shown in Scheme 2. For 1-mp and 1-mm,
tetrabromodiphenylamine (2) was prepared via Buchwald-
Hartwig cross-coupling between 2,4-/2,5-dibromoaniline and
1,4-dibromo-2-iodobenzen. The NH site of 2 was protected with
the Bn group to give 3. Subsequent lithiation of 3 with n-butyl-
lithium followed by addition of N-methyl-9(10H)acridone
afforded the spiro compounds (4). In addition, lithiation of
4 with tert-butyllithium followed by addition of 2-methyl-2-
nitrosopropane afforded bishydroxylamine compounds (5).
The synthesis of 5-pp has been reported previously.'” Diradicals
1 were obtained by oxidation of the bishydroxylamine deriva-
tives with Ag,O. Polycrystal samples of these diradicals were
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Scheme 2 Synthetic routes for 1-pp, 1-mp and 1-mm.
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obtained by recrystallization from CH,Cl, and n-hexane and
characterized by spectroscopic and X-ray crystallographic ana-
lyses. Structural studies confirmed the presence of crystalline
solvents (CH,Cl,) in all compounds, which easily escape under
ambient conditions. In addition, 1-pp may contain an impurity
(3%), in which a tert-butyl nitroxide site is replaced by a Br
group. This impurity is probably a by-product of the conversion
of 4-pp to 5-pp. Elemental analysis was performed for 1-pp, but
accurate determination of the amount of impurity was difficult
due to the minimal difference between the calculated values
with and without the impurity (for details, see the ESIt). It is
noted that the structural analysis successfully resolved the
disorder components, and the low level of impurity in the bulk
sample suggests that it does not significantly affect the inter-
pretation of magnetic studies.

Electron spin resonance (ESR) spectroscopy

The ESR spectra of 1-pp, 1-mp and 1-mm recorded in toluene at
room temperature are shown in Fig. S1-S3 (ESIT), respectively.
All results exhibited a typical five-line spectrum, indicating that
the exchange coupling constant ( j) is larger than a hyperfine
interaction (HFI)."®'® The g and ay values for 1-pp, 1-mp and
1-mm were estimated from simulation with EasySpin software,"
giving 2.0076 and 0.5676 mT, 2.0074 and 0.5877 mT and 2.0077
and 0.5773 mT, respectively. In diradicals, the HFI constants with
J > HFI are half of those in the corresponding monoradicals.
Based on the ay values of 1-pp, 1-mp and 1-mm, this gives HFI values
of 1.12-1.16 mT for "N in the monoradical, which are relatively small
among typical nitroxide species (1.0-1.5 mT).** A possible explana-
tion is the delocalisation of the unpaired electron throughout the
diphenylamine moiety due to spin extension from the nitroxide
moieties to the phenyl groups. In fact, similar diradicals reported
by Ohshita et al. exhibit small ay values (0.580-0.660 mT).">

The frozen-solution ESR spectrum of 1-mp in toluene at 77 K
is shown in Fig. S4 (ESIt). The spectrum exhibited a zero-field
splitting structure, indicating the triplet state. In addition,
there was also a monoradical impurity. From the simulation,
the |D|/hc and |E|/hc values are 4.00 x 10~> cm ™" and 0.50 x
107 em ™" with a g of 2.0080, and the ratio of the monoradical
impurity was 15%. The point dipole approximation, 2D = 3g>uy/
*, with the experimental |D|, gave a dipole-dipole distance of
8.7 A. This value is shorter than a crystallographically deter-
mined distance of 10.131(2) A (for details, see below). This
finding suggests that the radical spins are delocalized on these
phenyl rings.

Crystal structures

Compound 1-pp crystallized in the triclinic P1 space group
(Table S1, ESIt). The crystal structure is shown in Fig. 1a. There
are disordered CH,Cl, crystal solvents, which are accounted for
in the SQUEEZE/PLATON program, and the electron count is 42
electrons per formula unit. This value is close to the one CH,Cl,
solvent (40 electrons). The N1-O1 and N2-02 bond lengths are
1.279(3) and 1.289(2) A, respectively. These bond lengths
are close to the typical values of the nitroxide compounds
(1.29 A).Y” Torsion angles between the nitroxide and phenyl
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Fig.1 Crystal structures of (a) 1-pp, (b) 1-mp and (c) 1-mm. Thermal
ellipsoids for non-hydrogen atoms are drawn at the 50% probability level.
The H atoms are omitted for clarity. (a) The Br atom in 1-pp, which is minor
component, is also omitted for clarity.

moieties are —26.0(3)° for 01-N1-C1-C2 and —30.3(3)° for O2-
N2-C7-C12. In addition, to confirm the coplanarity of two
phenyl rings with nitroxides, the torsion angles C4-C3-C13-
C9 and C10-C9-C13-C3 are 22.7(2)° and —22.0(2)°, respectively
(I$mean| = 22.4°). The nearest intermolecular NO- - -NO distance
is 4.210(2) A of 02- - -02, which is larger than the sum of the van
der Waals (vdW) radii of O/O of 3.04 A,*" indicating no direct
magnetic contacts.

Compound 1-mp crystallized in the monoclinic P2,/c space
group (Table S1, ESIt). The crystal structure is shown in Fig. 1b.
There are disordered CH,Cl, crystal solvents, which are
accounted for in the SQUEEZE/PLATON program, and the
electron count is 42 electrons per formula unit. This value is
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close to the one CH,Cl, solvent (40 electrons). The N1-O1 and
N2-02 bond lengths are 1.282(2) and 1.288(2) A, respectively.
These bond lengths are close to the typical values of the
nitroxide compounds (1.29 A).?” Torsion angles between the
nitroxide and phenyl moieties are 13.5(2)° for 01-N1-C6-C1
and —18.8(2)° for 02-N2-C7-C8. In addition, to confirm the
coplanarity of two phenyl rings with nitroxides, the torsion
angles C4-C3-C13-C9 and C10-C9-C13-C3 are 14.2(2)° and
—14.7(2)°, respectively (|@mean| = 14.5°). The nearest intermo-
lecular NO- - -NO distance is 5.698(2) A of O1---N3, which is
larger than the sum of the vdW radii of O/N of 3.07 A,
indicating no direct magnetic contacts.

Compound 1-mm crystallized in the monoclinic P2,/c space
group (Table S1, ESIT). The crystal structure is shown in Fig. 1c.
There are disordered CH,Cl, crystal solvents, which are
accounted for in the SQUEEZE/PLATON program, and the
electron count is 21 electrons per formula unit. This value is
close to half of the CH,Cl, solvent (20 electrons). The N1-O1
and N2-02 bond lengths are 1.279(1) and 1.283(2) A, respec-
tively. These bond lengths are close to the typical values of the
nitroxide compounds (1.29 A)."” Torsion angles between the
nitroxide and phenyl moieties are —12.8(2)° for 01-N1-C6-C5
and —28.1(2)° for 02-N2-C12-C11. In addition, to confirm the
coplanarity of two phenyl rings with nitroxides, the torsion
angles C4-C3-C13-C9 and C10-C9-C13-C3 are 14.6(2)° and
—19.2(2)°, respectively (|@mean| = 16.9°). The nearest intermo-
lecular NO- - -NO distance is 4.198(2) A of 02---02, which is
larger than the sum of the vdW radii of O/N of 3.04 A*
indicating no direct magnetic contacts.

Theoretical calculations

Density functional theory (DFT) calculations were performed
for 1-pp, 1-mp and 1-mm during atomic coordination analysis
based on the above crystallographic study. The calculated spin
densities of the triplet (T) and broken-symmetry singlet (BS)
states were mapped onto the molecular skeleton as shown in
Fig. S5-S7 (ESIt). The triplet and singlet energy states are
summarized in Table S2 (ESIt). Exchange coupling constants
2J/kg for 1-pp, 1-mp and 1-mm were —176.05, +56.89 and
—11.45 K, respectively. Compounds 1-pp and 1-mm exhibit the
singlet ground state, while 1-mp exhibits the triplet ground state.

The intramolecular exchange coupling of diradicals 1 shows
the dependence of the substituent positions according to the
results of theoretical studies. These findings can be understood
based on the combination of the periodicity of the n spins for
phenyl nitroxide moieties and the lone pair on the bridging sp-
N atom. Scheme 3a-c show the spin polarized maps for 1-pp,
1-mm and 1-mp, respectively. In 1-pp, the induced spins on
the carbon adjacent to the sp>-N atom, by spin polarization,
are parallel to that on the p-positioned nitroxides. When spin
polarization is also applied to the lone pair (two electrons) on
the sp®-N atom, the spins on the terminal nitroxides become an
antiparallel configuration (singlet, S = 0; Scheme 3a). In addition,
in 1-mm, although the induced spins on these C atoms are
antiparallel to that on the m-positioned nitroxides, the spins on
the terminal nitroxides show the antiparallel configuration

This journal is © the Owner Societies 2025
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Scheme 3 Spin arrangements for (a) 1-pp, (b) 1-mm and (c) 1-mp based
on the spin polarization mechanism. Arrows on the structural formula
denote that mechanism.

(singlet state, S = 0; Scheme 3b) owing to the pathway on the
lone pair of the sp>-N atom. On the other hand, in 1-mp, the
induced spins on the carbon adjacent to the sp®>-N atom are
parallel and antiparallel to spins on the p- and m-positioned
nitroxides, respectively. Through the lone pair of the sp>-N
atom, the terminal nitroxides exhibit the parallel configuration
(triplet state, S = 1; Scheme 3c).

Both 1-pp and 1-mm exhibit the singlet ground state due to
spin polarization, but the magnitude of interactions is signifi-
cantly different (—176.05 K for 1-pp vs. —11.45 K for 1-mm).
This difference is due to the structural nature of each com-
pound, whether they adopt Kekulé or non-Kekulé structures. As
shown in Scheme 3, spin polarization induces a polarized spin
on the sp>-N atom. Compounds 1-pp and 1-mm can be con-
sidered as 1,4- or 1,3-phenylene diradical motifs, respectively.
The Kekulé structure of 1-pp promotes a higher spin density on
the sp>-N atom, as shown in Scheme 1b. On the other hand, the
non-Kekulé structure of 1-mm results in a comparatively lower
or negligible spin density. In fact, the spin density (p) on the
sp>-N atom in 1-pp (|p| = 0.0049) is larger than that in 1-mm
(lp] = 0.0009). The other spin densities are listed in Table S3
(ESIf). This higher spin density in 1-pp allows for a more
effective exchange path, resulting in a lager exchange coupling
constant than that of 1-mm.

Finally, intermolecular interactions were also evaluated.
Calculations for 1-pp, 1-mp and 1-mm were performed based
on the nearest intermolecular contacts described in the struc-
ture studies. The resulting exchange interactions were deter-
mined to be —1.44, —1.87 and —0.36, respectively (Table S4 and
Fig. S8-S10, ESIT). All these interactions exhibited antiferro-
magnetic coupling. Moreover, the magnitude of these interac-
tions suggested that intramolecular interactions dominate the
magnetic properties of all compounds.

Magnetic properties

The magnetic susceptibilities were measured for polycrystalline
1-pp, 1-pm and 1-mm at 2-300 K using a SQUID magnetometer
(Fig. 2). It should be noted that the y,,T value was calculated
based on the formula weight without the crystalline solvents, as
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Fig. 2 (a) Temperature dependence of the product y,T measured at
5 kOe. (b) Field dependence of magnetization M measured at 2.0 K. Red,
green and blue colours represent 1-pp, 1-mp and 1-mm, respectively.

these evaporate easily. Quantitative assessments were addressed
in the subsequent analysis of the magnetic measurements.
In addition, for 1-pp, the monoradical impurities were not
included in the calculation of the y,,,T value, but it was evaluated
in the later analysis.

First, the y,Tvs. T plot for 1-pp is shown in Fig. 2a. The y,,,T
value at 300 K was 0.442 cm® K mol !, which is smaller than the
value of 0.750 cm® K mol " expected for a species having two
magnetically isolated radical spins (S = 1/2 and g = 2). This
finding suggests the antiferromagnetic coupling and/or the
presence of crystalline solvents. Upon cooling, ym,7 was gradu-
ally decreased and exhibited a plateau behaviour below 50 K,
resulting in a y,T value of 0.0635 cm® K mol ' at 2 K. The
observed magnetic behaviour suggests intramolecular antifer-
romagnetic coupling, which is supported by DFT calculations.
If 1-pp has the singlet ground state, the y,T value would be
zero. However, the y,,T value observed in the plateau behaviour
in the low-temperature region was not zero, indicating the
presence of monoradical impurities. Here, the experimental
data were analysed with the Bleaney-Bowers equation, eqn (1),
based on the spin Hamiltonian, H = —2JS,-Sg.>>

2,2 2,2
g ug Na 1 g ug Na
T = f (1- A
T ( ks 3o /keT) T kg U)X
(1)

where J is the exchange coupling constant, g is fixed as 2.0076
as observed in the ESR study, fis a purity factor, and A is used
for estimating the amount of crystalline solvents. To avoid
overparameterization, intermolecular interaction was not consi-
dered in this analysis. The best fit curve gave 2J/kg = —150.2(5) K,
f=0.7914(9) and A = 0.890(2), as shown in Fig. S8 (ESIt). The
estimated 2/ value was reproduced from the theoretical value
(—176.05 K) derived from the DFT calculations. The purity factor
f showed a larger proportion than expected from elemental
analysis and structural analysis. This may be due to the presence
of partially oxidized monoradical impurities from 5 in the bulk
sample, which were not detected in our measurement. However,
the presence of these impurities does not affect the evaluation of
the exchange coupling of the diradicals, which is the focus of this
study. From the A value, we estimated the amount of crystalline
solvents CH,Cl, (fw 84.93) to be 0.81 relative to 1-pp (fw 622.78).

Phys. Chem. Chem. Phys., 2025, 27, 6794-6799 | 6797


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D4CP04393F

Open Access Article. Published on 04 March 2025. Downloaded on 8/3/2025 2:33:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

The field dependence of the magnetization (M) curve at 2 K is
shown in Fig. 2b. The M value was saturated and reached 0.176 g
at 7 T. This value is assumed to be due to monoradical impurities,
since the diradical shows zero. The calculation from the above
purity factor f gives a value of 0.21 ug, which is close to the
experimental result.

Next, the y, T vs. T plot for 1-mp is shown in Fig. 2a. The 3, T
value at 300 K is 0.611 em® K mol ™, which is smaller than the
expected value (0.750 cm® K mol™'). This finding suggests the
presence of crystalline solvents. Upon cooling, ymT was
gradually increased and reached a peak at about 34 K
(0.713 cm® K mol ™). Upon further cooling, it decreased, reach-
ing 0.295 em® K mol™" at 2 K. The increasing behaviour
indicates the intramolecular ferromagnetic coupling, while
the decreasing behaviour indicates the intermolecular antifer-
romagnetic coupling. The experimental data were analysed
using eqn (2), which includes the Weiss constant (0) and
excludes the purity factor fin eqn (1).

2,2
g kg Na 1 T
T = A 2
Ym ( ks 3+ exp(—2J/ksT) T—e) . 2)

The best fit curve gave 2J/kg = +39(2) K, 6 = —2.81(5) K and
A =0.788(3) with g = 2.0074 (fixed), as shown in Fig. S9 (ESIY).
The estimated 2/ and 0 values were reproduced from the
theoretical value (+56.89 K and —1.87 K) derived from the
DFT calculations. From the A value, we estimated the amount
of crystalline solvents CH,Cl, (fw 84.93) to be 1.6 relative to
1-mp (fw 622.78). The field dependence of the M curve at 2 K is
shown in Fig. 2b. The M value at 7 T is not saturated (1.44 ug),
which is smaller than expected for S =1 (2 ug). From the A value,
the experimental value becomes 1.83 ug, and considering no
saturation, this result supports 1-mp as the triplet ground state.

Finally, the 3T vs. T plot for 1-mm is shown in Fig. 2a. The
+mT value at 300 K is 0.602 cm® K mol~*, which is smaller than
the expected value (0.750 cm® K mol ). This finding suggests
the presence of crystalline solvents. Upon cooling, 7T showed
an abrupt decreasing behaviour around 30 K, and the y,,7 value
at 2 K was 0.00443 cm® K mol ™. This behaviour indicates the
intramolecular antiferromagnetic coupling. The experimental
data was analysed using eqn (2). The best fit curve gave 2J/kg =
—9.08(4) K, 0 = —0.38(5) K and A = 0.8168(4) with g = 2.077
(fixed). The estimated 2/ and 6 values are reproduced from the
theoretical value (—11.45 K and —0.36 K) derived from the DFT
calculations. From the A value, we estimated the amount of
crystalline solvents CH,Cl, (fw 84.93) to be 1.4 relative to 1-mm
(fw 622.78). The field dependence of the M curve at 2 K is shown
in Fig. 2b (blue markers). The M value exhibits almost zero
(0.0310 pg at 7 T). This finding supports 1-mm as the singlet
ground state (S = 0).

Conclusions

In this study, three novel acridane-based bisnitroxides (1-pp,
1-mp and 1-mm) were synthesized, each differing in the posi-
tions of their radical groups. Theoretical studies revealed that
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1-pp and 1-mm exhibit the singlet ground state (S = 0), while
1-mp exhibits the triplet ground state (S = 1). In addition, the
difference in the interaction magnitude between 1-pp and
1-mm was observed, indicating variations in the effective
delocalization of the radical spins via the n-conjugated system
and lone pair on the sp>-N atom, depending on the radical
positions. These theoretical results are supported by experi-
mental magnetic studies. This study shows that, despite sharing
the same m-conjugated framework, the position of the radical
groups leads to substantial differences in the singlet-triplet
energy gaps. To control this energy gap, these results suggest that
it is important not only to extend the m-conjugated system (a
typical approach), but also to carefully select the substituent
positions of the radical centres.
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