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Abstract: Radical-substituted radical cations are attractive spin building blocks of molecule-based magnets.
The introduction of an additional spin as a counteranion provides a unique three-spin system wherein the
magnetic interactions between the spins of the radical substituent and the radical cation (Ji.) and those
between the spins of the radical cation and the anion (Jier) play decisive roles in determining the magnetic
properties of the system. We report the first demonstration of a ferrimagnet by utilizing a large-Jinya System,
nitronyl nitroxide-substituted dihydrophenazine radical cation (NNDPP**) in combination with tetrabromo-
ferrate (FeBr,™) as the counteranion. On the basis of measurements of dc and ac magnetic susceptibilities
and heat capacity, the magnetic properties of NNDPP**-FeBr,~ are elucidated to be those of a three-
dimensional long-range-ordered ferrimagnet with 7, = 6.7 K.

Introduction

In the last few decades, considerable developments have
occurred in the field of molecule-based magnets. Various
approaches to developing magnetic materials with m-dimen-
sional (mD, m = 1—3) and even single-molecule (0D) spin
structures have been used both experimentally and theoretically.'
For instance, magnetic hysteresis has long been believed to be
a characteristic of 3D magnets; however, recent advances have
demonstrated the occurrence of magnetic hysteresis even in
lower-dimensional magnets, such as single-molecule magnets
(SMMs, 0D)? composed of clusters of metal ions with a large
single-ion magnetic anisotropy. Organic radicals have also
played important roles in these developments, as in the following
examples: a (nitronyl nitroxide)—Co(hfac), chain complex’
behaves as a single-chain magnet (SCM, 1D)* and exhibits slow
relaxation of magnetization and hysteresis effects; Coo—TDAE
[TDAE = tetrakis(dimethylamino)ethylene] is a unique charge-
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transfer (CT) complex showing ferromagnetic-like behavior;

a dithiadiazolyl radical behaves as a weak ferromagnet at 36
K:® and a fascinating organic radical polymer (S & 5000)
exhibits spin-glass-like character below 10 K.’

In these studies, organic spin carriers are usually radicals or
radical ions in CT salts. A unique approach utilizing radical-
substituted CT salts was theoretically proposed by Yamaguchi
et al.® in order to develop new organic-based magnets. Although
various studies including aniline,” ferrocene,'® and TTF*'!!2
radical cations with nitronyl nitroxide (NN) have been examined,
no successful results have been reported to date. The difficulty
in realizing this system may be due to the weakness of the
magnetic interactions between the radical substituents and
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radical cations (Jiyy,) in comparison with the relatively large
antiferromagnetic interactions in CT salts (typical values for
CT magnetlc 1nteract10ns are Jie/kg = —100 to —1000 K,
where H = —2J;e8p*Sa)."> When Viyel > i, the system
behaves like a radical-substituted diamagnetic ion pair at low
temperature, resulting in paramagnetic behavior, as has been
observed.”!?" To realize the proposed system, a relatively large
value of Ji,., seems to be essential. Therefore, we have recently
developed several s-donor systems applicable to this approach.'
Of these, 2-NN-5,10-dihydro-5,10-diphenylphenazine radical
cation (NNDPP*") seems to be an attractive framework.'** Here
we report the development of the first ferrimagnet based on the
radical-substituted radical cation salt, NNDPP"* «FeBr,~, which
consists of three unique heterospins: the NN, DPP**, and Fe(III)
spins.

Experimental Section

Experimental Methods. X-ray data were collected at 93 K using
a Rigaku CCD area detector with graphite-monochromatized Mo
Ko radiation. The structure was solved by a direct method (STR92)
and expanded using a Fourier technique. All of the calculations
were performed using the Crystal Structure crystallographic
software package. The magnetic measurements were performed
using a Quantum Design MPMS-XL SQUID magnetometer for
randomly oriented polycrystalline samples. The dc magnetizations
were measured over the temperature range 1.9—298 K in static
magnetic fields of up to 7 T. The ac susceptibilities were measured
below 15 K under ac fields of 3 Oe with frequencies of 0.01—1000
Hz. The heat capacity measurements were carried out with a
Quantum Design PPMS 6000 relaxation-type calorimeter.

Preparation of Thianthrene -FeBr, . The oxidation of thi-
anthrene was carried out in an electrochemical cell under conditions
similar to those for the FeCl,~ salt described in our previous paper.'”
An electrolyte solution of tetra-n-butylammonium tetrabromoferrate
(1.32 g, 2.14 mmol) in dry dichloromethane (50 cm?) was prepared.
Half of the solution was added to the cathodic compartment in the
cell. Thianthrene (381 mg, 1.76 mmol) was dissolved in the
remaining electrolyte solution, which was then added to the anodic
compartment. Both compartments in the cell were purged with
argon for 10 min. The electrolysis was carried out at constant current
(1.0 mA) using a galvanostat. After 1 day, black powder was
deposited on the Pt surface. The powder was collected several times
(647 mg, 62% after three cycles). The prepared
thianthrene'" *FeBr,~ was sufficiently pure, as confirmed by
elemental analysis. Analytical data for thiathrene™ +FeBr,~
(C,HgBryFeS,, fw 591.78): Black powder; mp ~204 °C (dec). MS:
(FAB"), m/z 216 [C1,HgS,"]; (FAB™), m/z 376 [FeBr,]. IR (KBr,
cm™): 1541, 1518, 1452, 1439, 1431, 1418, 1304, 1261, 1150,
1101, 1026, 762, 752, 660. Anal. Calcd for C,HgBr4FeS,: C, 24.35;
H, 1.36. Found: C, 24.35; H, 1.28. EPR (powder): g = 2.0438 as
a broad and monotonic signal with a width of 540 G at half-height.

Preparation of NNDPP'* -FeBr, . The chemical oxidation of
neutral NNDPP was carried out using dry solvents in a glovebox
as follows. A solution of thianthrene’t*FeBr,~ (48 mg) in aceto-
nitrile (20 cm?®) was added at room temperature to a solution of
neutral NNDPP (40 mg) in dichloromethane (5 cm?). The reaction
mixture was stirred for 30 min and then filtered through a syringe
filter (DISMIC-25, pore size 0.50 um) to remove trace amounts of
insoluble materials, if any. The filtrate was evaporated under
reduced pressure. The residue was dissolved in a minimum amount
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Figure 1. Crystal packing structure of NNDPP'"-FeBr,™. (a) View
projected along the b axis. (b) View along the a axis. The dotted lines
show short contacts (black lines for the Br—C contacts, red lines for the
O—HC contacts). The methyl and phenyl groups and most of the hydrogen
atoms have been omitted for clarity.

of dichloromethane (~10 cm?). An excess amount of diethyl ether
(~30 cm®) was added to the dichloromethane solution, giving crude
NNDPP'*-FeBr,~ as a brownish precipitate. This compound was
dissolved in 7 cm® of 1,2-dichloroethane in a small bottle. The
uncapped bottle was placed in a larger bottle containing pentane
(~10 cm?®). The larger bottle was capped and kept at room
temperature for 3 days, giving 40 mg of NNDPP"*+FeBr, ™ as dark-
red prisims (57% yield). Analytical data for NNDPP*"-FeBr,~
(C31H,9BryFeN,0,, fw 865.05): Mp: 226 °C. MS: (FAB™), m/z 490
[NNDPP'*]; (FAB™), m/z 376 [FeBr,”]. IR (KBr, cm™"): 3099,
1541, 1489, 1371. Anal. Calcd for C3;H,BrysFeN,O,: C, 43.04; H,
3.38; N, 6.48. Found: C, 43.11; H, 3.56; N, 6.47. EPR (powder):
g = 2.008 as a sharp line for NNDPP"* and 2.046 as a very broad
line with a width of ~2200 G at half-height for FeBr,™. Crystal-
lographic data for NNDPP* **+FeBr, : monoclinic; space group P2,/
a; a = 13.8094(9) A, b = 15.6034(8) A, ¢ = 15.0910(10) A p=
100.736(4)°; V =3194.8(3) A%, Z=4; peyea = 1.798 g cm™3; T =
93 K; R = 0.0443, Ry, = 0.0670, GOF = 1.006. The crystallographic
data is given in the Supporting Information and has been deposited
with the Cambridge Crystallographic Data Centre (entry no. CCDC
702019).

Results and Discussion

NNDPP"* -FeBr,~ was prepared through the chemical oxida-
tion of neutral NNDPP with 1 equiv of thianthrene™ *FeBr,~
in CH,Cl,/CH3CN and obtained as dark-red prisms after
recrystallization (Scheme 1). NNDPP"*+FeBr, ™ in a crystalline
or powder form is stable under aerated conditions and can be
kept in a freezer for a long time.

Figure 1 shows the crystal packing structure of
NNDPP'*+FeBr, . There are several short contacts between the
magnetically important atoms (the Br atoms in FeBry ™, the C
atoms in DPP"*, and the O atoms in NN) within or close to the
sum of the van der Waals radii: the Br—C contacts (3.50—3.70
A) and the O—HC contacts (2.57 A for a single contact, 2.53
A for a double contact, see Figure 1). The Br—C contacts are
most likely to induce an antiferromagnetic interaction between
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Figure 2. Magnetic properties of NNDPP'"+FeBr, . (a) Temperature dependence of 4.7 under a static field of 1000 Oe. Inset: temperature dependence of
the magnetization under FC and ZFC conditions and the remnant magnetization (RM) under 10 Oe. (b) Temperature dependence of the real (y') and imaginary
(") parts of the ac susceptibility. The solid lines are guides to the eye. (c) M(H) curve at 1.9 K in a region of low magnetic field. Inset: M(H) curve in a

region of higher magnetic field.

the z-radical cation and the Fe(III) spins,'® whereas the O—HC
contacts would induce a ferromagnetic interaction between the
adjacent NNDPP"" moieties, as can be deduced from the
theoretical calculations on model systems I and II (see the
Supporting Information). The Br—C contacts not only extend
in the a direction but also bridge the c-directed nearest-neighbor
NNDPP'* moieties (A and B in Figure 1a) through FeBr,~,
making a double-chain structure, 2(—FeBr,"—NNDPP"*—),,
extending in the a direction. The O—HC contacts within the
double chain (model I in the Supporting Information) coopera-
tively function with the Br—C contacts to induce a ferrimagnetic
spin alignment. In addition, the NNDPP"* moieties in adjacent
double chains (B and A* in Figure la) are connected by the
two O—HC contacts, which would induce a ferromagnetic
interaction between B and A* in the ac plane (model II in the
Supporting Information). The similar combination of the Br—C
and O—HC contacts is also observed along the b direction. Thus,
a 3D-type spin alignment is expected for NNDPP'"+FeBr, ™.

The temperature dependence of y4.7T (where yq. is the dc
magnetic susceptibility) is shown in Figure 2a. The yq.T value
at room temperature is 5.61 emu K mol~!, which is close to the
theoretical value (5.59 emu K mol™!' using g = 2.008 for
NNDPP'* and g = 2.046 for FeBr,~ from powder EPR) for §
= 5/, [Fe(IID)] plus S = 1 (NNDPP"") and compatible with a
strongly ferromagnetic interaction between the NN and DPP"*
moieties.'** As the temperature decreases, yq.T gradually
decreases to a minimum value (3.93 emu K mol ! at 18 K) and
then sharply increases below 18 K, reflecting a ferrimagnetic
spin alignment. Furthermore, yq.7 reaches a maximum value
(39.67 emu K mol™!) at ~6 K and sharply drops at lower
temperatures. In order to obtain insight into the sharp drop below
6 K, experiments were performed under field-cooled (FC) and
zero-field-cooled (ZFC) conditions. The M(T) curves split
sharply at 7.0 K, and the remnant magnetization disappears in
the same temperature region (Figure 2a, inset). These results
suggest the onset of a phase transition into a ferrimagnetically
ordered state at 7, = 6.7 K (from heat capacity measurements,
as described below).

The ac susceptibility was measured at a zero static field with
a weak ac field (3 Oe) (Figure 2b). The real component, x'(7),
shows a clear peak maximum at 6.7 K that is frequency-
independent, suggesting a negligible contribution of spin-glass
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character.'” This behavior is obviously different from that of
low-dimensional magnets such as SMMs and SCMs. The
imaginary component, x" (), exhibits a broader peak in the same
temperature region that suggests net magnetization without an
external field.'® Interestingly, the shape of the broad peak is
frequency-dependent [with a peak temperature of 5.7 K (0.01
Hz) to 6.2 K (1000 Hz)]. Such a difference in the behaviors of
%'(T) and y"(T) has been observed for some ferromagnetic
systems.'® The frequency-dependent y" (T) would be related to
energy losses of the dynamic behavior of domain-wall move-
ment and/or domain magnetization rotation induced by the ac
magnetic field.

In accordance with these results, magnetic hysteresis was
observed at 1.9 K with a remnant magnetization of Mg = 1.2
Nug and a coercive field of 230 Oe (Figure 2c). The magnetiza-
tion curve M(H) saturates under the higher field, ~7 T. The
saturation magnetization value (Ms = 3.08 Nug) is in good
agreement with the theoretical value (Ms = gugAS = 3.05 Nug)
with AS = (*/; — 1), indicating a phase transition into a
ferrimagnet. The fact that the My value is smaller than the Mg
value is due to the magnetocrystalline anisotropy, as frequently
observed in ferrimagnetic molecular systems.*

In order to elucidate the mechanism of the magnetic phase
transition of NNDPP"" - FeBr,~ in more detail, the heat capacities
were measured under various magnetic fields by the relaxation
method. Figure 3 shows the heat capacities C, and magnetic
heat capacities Cp,y Of NNDPP'*+FeBr,~ as functions of
temperature under various magnetic fields. To determine Ci,,g,
the lattice heat capacity was evaluated by fitting the C, data at
zero magnetic field between 15 and 20 K to the following
equation: C, = aT® + bT° + ¢T” + dT° + eT 2, where the first
four terms represent the lattice heat capacity®' and the last term
corresponds to a contribution from the short-range-order effect
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Figure 3. Heat capacities C,(T) and magnetic heat capacities Cpao(T) of NNDPP'*-FeBr,~ as functions of temperature under various magnetic fields. (a)
C,(T) with an estimated curve of the heat capacity Ci,(T) due to lattice contribution (solid line). Inset: magnetic field dependence of C,(T). (b) Temperature
dependence of Cpyy = C, — Ciy. Inset: magnetic field dependence of Cige(T). In the insets, the y axis shows only a relative scale to compare the peak

positions under the magnetic fields.

of the spin alignment.>” The values of the constants obtained
from the fit were a = 2.547 x 1072 J K *mol™!, b = —8.517
x 107 JK ®mol™,c=1478 x 1077J K ¥ mol™!, d = —1.025
x 107197 K1 mol !, and ¢ = 1.338 x 10° J K mol~'. The
Cinae data were then obtained by subtracting the lattice contribu-
tion (Ci = aT® + bT> + ¢T" + dT°, shown as the solid curve
in Figure 3a) from the total heat capacities.

A heat capacity peak due to the phase transition was observed
at T, = 6.7 K at zero magnetic field. As the magnetic field
increased, this peak shifted to higher temperatures and broad-
ened. This behavior is typical for ferromagnetic*® and/or
ferrimagnetic systems.?* Furthermore, a heat capacity hump was
observed above T, which is a characteristic of low-dimensional
magnetic systems.

The magnetic entropy at zero magnetic field was evaluated
to be 23.8 J K™! mol™!. This value agrees well with the value
expected for a spin system composed of § = 1 (NNDPP"") and
S = 3/, [Fe(Ill)], which is given by R In(3 x 6) = 24.0J
K 'mol ™%

In summary, the results from the magnetic susceptibility and
heat capacity measurements are entirely consistent with the
proposed 3D ferrimagnet below 7. (6.7 K). The hump observed

(22) Blote, H. M. J. Physica 1975, 79B, 427-466.
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in the heat capacity experiments above 7. (7—20 K) corresponds
to the increasing yq.7(7) region through the minimum (Figure
2a), suggesting short-range ferrimagnetic order in the double-
chain structure extending in the a direction (Figure 1a).

At present, stable radical-substituted radical cations with large
Jinwa are extremely sparse. Various magnets can be designed
using this strategy. In particular, it is an attractive and chal-
lenging task to design purely organic systems and also those
with multiple functionality. Such studies in this and related
systems are in progress.
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