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ABSTRACT: Molecular assembly with magnetic bist-
ability has been of considerable interest for application as
electronic devices. In contrast to transition-metal com-
plexes, magnetic bistability so far observed in organic
radical crystals is mainly caused by intermolecular electron-
exchange interaction. We now report that the magnetic
bistability in an organic radical can also be caused by
intramolecular electron-exchange interaction. The diradical
salt of 1,4-di(bisphenylamino)-2,3,5,6,-tetramethylbenzene
undergoes a phase transition with a thermal hysteresis loop
over the temperature range from 118 to 131 K. The phases
above and below the loop correspond to two different
singlet states of the diradical dication. The results provide a
novel organic radical material as an unprecedented
instance of an intramolecular magnetic bistability revalent
to the design of functional materials.

Preparation and solid-state properties (electrical, optical,
and magnetic, etc.) of organic radicals have been
extensively studied.’" The use of organic radicals as building
blocks for functional molecular materials has aroused a growing
interest." These materials often exhibit molecular bistability, i.e.,
the property of materials exist in two interchangeable phases by
external stimuli (temperature, pressure, light, etc.), which has
been of considerable interest for application as electronic
devices, such as thermal sensors, switching devices and
information storage.” ® Magnetic bistability has been widely
observed in a discrete paramagnetic transition metal complex.”
The bistable crystalline organic radicals so far known (Scheme
1), however, are based on radical stacks or dimers, and their
magnetic bistability is mainly caused by intermolecular
electron-exchange interactions.””® In many cases, they undergo
a spin transition between a radical (S = 1/2) and a 7/o6-dimer
(s =0).7° Magnetic bistability in a discrete organic radical,
induced by intramolecular electron-exchange interaction, has
not yet been observed experimentally.

Recently, we and others have prepared a series of stable
nitrogen-incorporating diradical dications,” analogues of pure
organic diradicals such as Thiele’s and Chichibabin’s hydro-
carbons.'’ During the synthesis of their derivative, diradical
dication of 1,4-di(bisphenylamino)-2,3,5,6,-tetramethylbenzene
(1**), we observed that intramolecular electron-exchange
interaction can cause a hysteresis loop, which is the first
instance of magnetic bistability in a discrete organic radical.
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Scheme 1. Representative Crystalline Organic Radicals with
Magnetic Bistability Induced by Intermolecular Electron-
Exchange Interaction
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Standard Buchwald—Hartwig amination of 1,4-dibromote-
tramethylbenzene with di-p-methoxyphenylamine in the
presence of sodium fert-butoxide in reflux toluene afforded
compound 1 as white solid (Scheme 2). Cyclic voltammetry
(CV) of 1 in CH,Cl, at room temperature with "Bu,NPF; as a
supporting electrolyte revealed a quasi-reversible two-electron
oxidation peak at oxidation potential of +0.61 V (see Figure
S1). Upon oxidation with 2 molar equiv of AgSbF, and
Li[AI(ORy),] (ORy, = OC(CFE;),Me)'" in CH,Cl, the
neutral precursor 1 was converted to dication 1** in a high
yield, accompanied by precipitates of Ag metal and LiSbF,. The
resultant dication is thermally stable as crystals under nitrogen
or argon atmosphere and can be stored for several weeks at
room temperature. Its solid geometry and electronic structure
were investigated by single crystal X-ray diffraction, electron
paramagnetic resonance (EPR) spectroscopy, and super-
conducting quantum interferometer device (SQUID) measure-
ments, in conjunction with theoretical calculations.

The temperature dependence of the magnetic susceptibility
for a crystalline sample of 1**-2[Al(ORy,,),]” was investigated
(Figure 1). yT shows a slight decrease from 350 K up to 0.22
cm®-K/mol at 121 K as the sample is cooled. It then suddenly
decreases, up to a minimum at 110 K, followed by another
gradual decrease until to zero. This behavior is similar to those
of known nitrogen-incorporating diradical dications’ and
consistent with the antiferromagnetic exchange. More strikingly
when the temperature is increased from 2 K back to high
temperature, the y/T curve is not followed, but a hysteresis was
observed instead. The temperature at which y\T decreases on
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Scheme 2. Synthesis of Compound 1 and Diradical Dication
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Figure 1. Temperature-dependent plots of yyT for the crystals of 1?*

recorded: (a) in the settle mode from 2—350 K; (b) in the sweep
mode at the scan rate of 1 K min™" from 100—150 K.

cooling (T, = 118 K) is 13 K lower than that at which yuT
increases when heating (T,/, = 131 K). The diradical of 1**
thus exhibits a 13 K wide hysteresis loop at the scan rate of 1 K
min~", leading to magnetic bistability. We repeated the thermal
cycle several times, but there is little change in the shape of the
loop. The hysteresis width is scan-rate dependent and becomes
wider at the faster temperature scan rates (Figure S2). The
magnetic susceptibilities above and below the phase transition
can be fitted with the Bleaney—Bowers equation.'” The
singlet—triplet gaps (or intramolecular exchange coupling
constants) were estimated to be 2] = —1.06 kcal mol™ for
the low-temperature (LT) phase and —0.54 kcal mol™" for the
high-temperature (HT) phase (Figure S3). The negative
exchange coupling constants suggest singlet states for both
phases, which can be thermally excited to their triplet excited
states due to the small singlet—triplet energy gaps. The
paramagnetism (T = 0.70 cm®K/mol) at 350 K corresponds
to 93% S = 1 Curie spins. Such a spin state conversion between
two singlets in a discrete radical is distinct from previously
reported magnetic bistability between a radical (S = 1/2) and a
spinless dimer (S = 0).”°

To rationalize the magnetic property, the structure of 1** was
examined by single crystal X-ray diffraction at 100 (LT) and
200 K (HT), respectively. Crystals suitable for X-ray crystallo-
graphic studies were obtained by cooling the solution of salt
1°*2[Al(ORy),]” in CH,Cl,. Crystal packing of 1**-2[Al-
(ORy,),]™ at 100 K and the structures of dication 1** at
different temperatures together with their important structural
parameters are illustrated in Figure 2 and Table 1. The

Figure 2. (a) Crystal packing of 17*-2[Al(ORy,,),]™ at 100 K. (b)
Thermal ellipsoid (50%) drawing of 1** at 100 K (hydrogen atoms are
not shown). Selected bond lengths (A) and angles (deg): N1-C23
1.405(3), N1—-C30 1.400(3), N1—-C17 1.433(3), C17—C18 1.411(4),
C17—C19 1.408(4), C18—C19’ 1.394(4), C17-N1-C23 120.6(2),
C17-N1-C30 119.6(2), C23—-N1-C30 119.8(2). (c) Thermal
ellipsoid (50%) drawing of 1** at 200 K (hydrogen atoms are not
shown). Selected bond lengths (A) and angles (deg): N1-C23
1.401(4), N1—C30 1.401(4), N1-C17 1.443(4), C17—C18 1.406(5),
C17—C19 1.400(S), C18—C19’ 1.397(5), C17—-N1-C23 120.2(3),
C17-N1-C30 119.2(3), C23—N1-C30 120.6(3).

molecular packings for the LT and HT phases are almost the
same. Dications of 1** are completely separated by [Al-
(ORye)4]™ anions (Figure 2a) through F---H hydrogen bonds
(2.5-2.8 A), without apparent changes from HT to LT. The
structures of the dication in both phases have an inversion
center with planar geometries about the nitrogen atoms. The
intramolecular N---N distance (5.6 A) in one dication of 1** is
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Table 1. Energy, Bond length (A), and Torsion Angle (°) for 1>

Cc

Ar\N . b N/Ar 9
Ar \Ar
AEy_s” keal mol™ g, bond N1—-C17 b, average of bonds C17—C18 and C17—-C19 ¢ C19—Cl18'’ BLA” 0

CS™* +8.1 1.420 1.426 1.399 0.027 58.63
X-ray (100 K, LT) - 1433(3) 1.410(4) 1.394(4) 0016  $8.12(9)
X-ray (200 K, HT) - 1.443(4) 1.403(5) 1.397(5) 0.006 61.47(11)
0s™¢ 0 1.451 1.410 1.410 0 71.74
T +0.4 1.453 1.409 1411 —0.002 73.08

“X = CS (closed-shell singlet), OS (open-shell singlet), or T (triplet). YBLA = bond length alteration, i.e., the difference between the average of
length of longitudinal bonds (b) and the average of length of transverse bonds (c) in bridging phenyl ring. “Calculated at the level of (U)B3LYP/6-

31G(d).

much shorter than the closest intermolecular N---N distance
(10.1 A) between two dications. The length of bond N—Clridge
(ie, bond a) between nitrogen atom and bridging phenyl
moiety is longer than that between nitrogen atom and
peripheral aryl ring, which is in sharp contrast to previously
reported nitrogen-incorporating diradical dications,” indicating
that 1** may have considerable diradical character. Reduced
bond-length alteration (BLA) of a bridging phenyl ring has
been considered as a siégnature of diradical character in
hydrocarbon diradicals,®™'" which is the difference between
average longitudinal bond (i.e., bond b, Table 1) and transverse
bond (i, bond c) of the bridging phenyl ring in this work.
There is a crucial difference between BLAs (0.016, LT; 0.006,
HT) of two phases, but both are much less than that of
Chichibabin’s hydrocarbon (0.052), suggesting strong diradical
character of 1** for both phases. The relatively longer N—Cyigge
bond length and smaller BLA in the HT phase are consistent
with the stronger diradical character of 1** at the higher
temperature, as shown by SQUID measurements. Notably the
torsion angle (6), defined as the angle between bridging phenyl
ring and the plane about the nitrogen atom as illustrated in the
figure above Table 1, shows a difference of 3.3° far above the
error limits between two phases.

To further understand the electronic structures, we carried
out theoretical calculations for species 1**."* Full geometry
optimizations were performed at the (U)B3LYP/6-31G(d)
level and the obtained stationary points were characterized by
frequency calculations. The broken-symmetry approach was
applied for open-shell singlet calculations, and spin contami-
nation errors were corrected by approximate spin-projection
method."* Energies, bond lengths and their BLAs in the
averages of bonds of the optimized closed-shell singlet (CS),
open-shell singlet (OS), and pure diradical triplet (T) are listed
in Table 1. Calculation of energy gaps shows that 1>* has an OS
ground state, and the calculated singlet—triplet energy gap
(—0.4 kcal mol ™) is well in agreement with the experimental
value (—0.54 kcal/mol at HT phase) determined from SQUID
measurements. The N—Cy4,. bond lengths, BLAs, and torsion
angles (0) of 1** at HT and LT are between those of OS and
CS, with the geometry at HT phase closer to that of OS. The
above discussion based on the comparison of singlet—triplet
energy gaps, N—Cyq,. bond lengths, and BLAs clearly shows
singlet states with intermediate diradical character for 1** both
at HT and LT phases. Dication 1** is thus best described as a
resonance hybrid of the quinoidal structure (i.e., CS) and the
diradical structure (ie, OS), with a greater tendency to
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diradical structure for the HT phase. It is worth noting that the
energy difference between two structures of 1** (0.79 kcal
mol "), based on single point calculations using the HT and LT
X-ray data of 1** performed at the UB3LYP/6-311G(d,p) level,
reasonably agrees with that (0.52 kcal mol™') between two
singlet—triplet energy gaps determined from SQUID measure-
ments, indicating that the structural changes between HT and
LT are mainly responsible for modulating the magnetic
interactions.

The magnetic property of 1** is further supported by means
of EPR spectroscopy, which display typical broaden triplet-state
signals with different g factors for two phases (LT g, = 2.0033,
g, = 2.0022, g, = 2.0041; HT g, = g, = 2.0035, g, = 2.0042) and
the forbidden Am_ = + 2 half-field absorptions (Figures 3a, SS,

(a)

(b)

—— 100K
——200K

3300 3450 3600

Magnetic Field / G
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Figure 3. (a) Powder EPR spectra of 1** at 200 (in red) and 100 K (in
black). (b) Electron spin density distribution of 1**-OS.

and S6).” The spin susceptibility determined by solid-state
EPR as a function of temperature, i.e., the product (IT) of the
intensity for the Am, = 2 resonance and the temperature (T) vs
T (Figure S7), shows a hysteresis loop similar to that observed
by SQUID measurements (Figure 1). Zero-field parameters D
(LT 10.50 mT, HT 10.20 mT) were determined by spectral
simulation. The average spin—spin distance from D was
estimated to be 6.4 A for both phases, which is comparable
to the distance (5.6 A) between two N atoms in the X-ray
structure, supporting the intramolecular electron-exchange
interaction. The slightly longer spin—spin distance indicates
that the unpaired electrons are more delocalized to the
peripheral aryl ring systems, which is consistent with the
electron spin density distribution map (Figure 3b).

We report the preparation and characterization of a nitrogen-
containing diradical dication 1*', which exhibits a phase
transition with a thermal hysteresis loop over the temperature
range 118—131 K, indicating magnetic bistability. The phases
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above and below the loop correspond to two singlet states of
the diradical dication with different electron-exchange coupling
constants. Crystal structural analysis, EPR simulation, and
theoretical calculations indicate that the magnetic bistability is
mainly caused by intramolecular electron-exchange interactions.
The work provided an unprecedented magnetic bistable
material to be used in the design of electronic devices. A new
class of organic analogues of metal ion-based spin crossover
complexes may be accessible by rational designs of discrete
magnetic bistable diradicals.
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