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The tetrachloroferrates of the 2,2′:6′,2′′:6′′,6-trioxytriphenylamine (TOT‚+‚FeCl4-) and 2,2′:6′,2′′-dioxytriphenylamine
(DOT‚+‚FeCl4-) radical cations were prepared, and their structures, magnetic properties, and the relationship between
them were investigated. The TOT‚+ moiety had a highly planar structure and packed as a dimer surrounded by
tetrachroferrates, which also formed a dimer structure. The magnetic properties of TOT‚+‚FeCl4- were characterized
by strong (2J/kB ) ∼ −1.3 × 103 K, H ) −2JS1/2‚S1/2) and weak (2J/kB ) −1.76 K, H ) −2JS5/2‚S5/2)
antiferromagnetic interactions due to the (TOT‚+)2 and (FeCl4-)2 structures, respectively. DOT‚+ had a twisted form
and no dimer formation was observed between the DOT‚+’s and FeCl4-’s. Instead, short contacts between the
DOT‚+ and chlorine atoms and between the DOT‚+’s producing a DOT‚+ chain were observed. The magnetic properties
of DOT‚+‚FeCl4- were characterized by a 3D magnetic phase transition to an antiferromagnet with TN ) ∼8 K.

Introduction

There has been much interest in the magnetic properties
of organic (radicals or radical ions) and inorganic (magnetic
metal ions) and their composite materials.1 A recent develop-
ment of molecule-based magnets has demonstrated a variety
of magnetic interactions exhibiting interesting magnetic
properties and has also provided an important insight into
the relationship between the magnetic properties and crystal
packing structures. Of the various magnetic materials,
antiferromagnets have been observed in some neutral radi-
cals.2 More recently, TTF-based radical cations were shown
to be transformed into antiferromagnets at low temperature
through aπ-d interaction with magnetic metal ions.3 Related
studies regarding radical cations other than TTF derivatives
and a well-known example of Wurster’s blue perchlorate4

are extremely sparse.5 The antiferromagnets are in three-
dimensionally spin-ordered states and can be differentiated
from the materials showing low-dimensional antiferromag-
netic interactions. Although it is quite difficult to predict at

the molecular design level as to whether the materials show
magnetic ordering or not at low temperature, we have
envisioned that low-dimensional magnetic interactions might
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be altered to higher-dimensional interactions by modifying
the organic spin structure into a higher-dimensional structure.

During the course of our study to develop multispin
systems,6 we have recently prepared 2,2′:6′,2′′:6′′,6-trioxy-
triphenylamine (TOT)7 and 2,2′:6′,2′′-dioxytriphenylamine
(DOT),8 which have low oxidation potentials (+0.11 V vs
Fc/Fc+ for TOT and+0.33 V for DOT) and provide stable
radical cations (PF6 salts).7 The molecular structure of TOT‚+

is highly planar, whereas that of DOT‚+ is expected to be
twisted because of the steric repulsion between the two-edge
phenyl rings. Because of the potential stability of these
oxygen-bridged radical cations without bulky substituents,
the magnetic interactions between the radical cations and
the counter anions can be expected, depending on the crystal
packing structures. We report the preparation and magnetic
properties of TOT‚+‚FeCl4- and DOT‚+‚FeCl4-, the latter of
which exhibits a 3D magnetic phase transition into an
antiferromagnet at ca. 8 K.

Experimental Section

The chemicals were of commercial grade and were used without
further purification. Melting points were measured using a Yanako
MP-J3 apparatus, and they are not corrected. The infrared spectra
were measured using a Shimadzu FTIR-8700. The EPR spectra
were recorded by a Brucker ELEXSYS E500. The X-ray data were
collected by a Rigaku CCD area detector with graphite monochro-
mated Mo KR radiation. The structures were solved by a direct
method (SIR92or SHELX97), and they were expanded using a
Fourier technique. All of the calculations were performed using
the Crystal Structurecrystallographic software package. The
magnetic susceptibility measurements were performed using a
Quantum Design SQUID magnetometer, MPMS-XL.

Synthesis of Thianthrene‚+‚FeCl4-. The oxidation of thian-
threne was carried out in an electrochemical cell, which has two
compartments (each 25 cm3) separated by a glass filter and equipped
with platinum electrodes (15× 15 mm2). An elelctrolyte solution
of tetra-n-butylammonium tetrachloroferrate (973 mg, 2.21 mmol)
in dichloromethane (50 cm3) was prepared. Half of the solution
was added to the cathodic compartment in the cell. Thianthrene
(393 mg, 1.82 mmol) was dissolved in the remaining electrolyte
solution, and this solution was added to the anodic compartment.
Both compartments in the cell were purged with argon for a few
minutes. The electrolysis was carried out at a constant current (1.0
mA) using a galvanostat. After a few minutes, the color of the
solution on the anodic side turned purple. After 1 day, purple
crystals had deposited on the platinum surface. These crystals were
repeatedly collected several times (408 mg, 54% after third cycle).
Thus, the prepared thianthrene tetrachloroferrate was pure enough,
as confirmed by an elemental analysis. Thinathrene‚+‚FeCl4-

(C12H8Cl4FeS2), fw 413.98; deep-purple blocks; mp ca. 209°C
(decomp); EPR (powder)g ) 2.0125 as a broad and monotonic

signal with a width of 134 G at half-height; MS (FAB+): m/z 216
[C12H8S2

+], (FAB-): m/z198 [FeCl4-]; IR (KBr) νmax/cm-1: 1541,
1518, 1452, 1439, 1431, 1418, 1304, 1259, 1250, 1101, 1024, 762,
750, 660; Anal. Calcd for C12H8Cl4FeS2: C, 34.82; H, 1.95.
Found: C, 34.96; H, 1.83.

Synthesis of Thianthrene‚+‚GaCl4-. The same method was
employed for the preparation of the GaCl4

- salt. Using tetra-n-
butylammonium tetrachlorogallate (1.00 g, 2.21 mmol) in dichlo-
romethane (50 cm3) as an electrolyte solution and thianthrene (393
mg, 1.82 mmol), thianthrene‚+‚GaCl4- was obtained in a similar
yield (396 mg, 51% yield after third cycle). Thinathrene‚+‚GaCl4-

(C12H8Cl4GaS2), fw 427.86; deep-purple blocks; mp ca. 215°C
(decomp), EPR (powder)g ) 2.0080 as three-line signals with
anisotropy ofg factor (gxx ) 2.0140,gyy ) 2.0081,gzz ) 2.0018);
MS (FAB+): m/z 216 [C12H8S2

+], (FAB-): m/z 211 [GaCl4-]; IR
(KBr) νmax/cm-1: 1541, 1518, 1508, 1439, 1433, 1418, 1306, 1261,
1250, 1101, 1026, 762, 752; Anal. Calcd for C12H8Cl4GaS2: C,
33.69; H, 1.88. Found: C, 33.39; H, 1.84.

Synthesis of TOT‚+‚FeCl4-. The following procedure was
carried out in a glove box. To a solution of TOT (74.4 mg, 0.259
mmol) in dichloromethane (50 cm3) was added a solution of
thianthrene‚+‚FeCl4- (107 mg, 0.258 mmol) in acetonitrile (50 cm3)
at room temperature. After stirring for 30 min, the solvent was
removed under reduced pressure. The residue was dissolved in a
minimum amount (4 cm3) of acetonitrile. Diethyl ether (50 cm3)
was then added to the acetonitrile solution. TOT‚+‚FeCl4- was
obtained as a green precipitate (102 mg, 81% yield). This compound
was recrystallized from acetonitrile-diethyl ether as follows:
TOT‚+‚FeCl4- was dissolved in acetonitrile in a small round flask.
The flask was placed in a larger bottle containing diethyl ether.
The bottle was capped and kept at room temperature for 1 day,
which produced a single-crystal suitable for X-ray structure analysis.
TOT‚+‚FeCl4-, deep-green blocks from acetonitrile-diethyl ether,
mp ca. 288°C (decomp), IR (KBr)νmax/cm-1 3074, 1607, 1589,
1501, 1333, 1275, 1159, 1072, 1028, 893, 787, 721, 554. Anal.
Found: C, 44.55; H, 1.76; N, 2.83. Calcd for C18H9Cl4FeNO3: C,
44.58; H, 1.87; N, 2.89. EPR (powder)g ) 2.0252 as a broad and
monotonic signal with a width of 135 G at half-height. Crystal-
lographic data for TOT‚+‚FeCl4- are listed in Table 1, CCDC
643796.
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Table 1. Crystallographic Data of TOT‚+‚FeCl4- and DOT‚+‚FeCl4-

TOT‚+‚FeCl4- DOT‚+‚FeCl4-

formula C18H9Cl4FeNO3 C18H11Cl4FeNO2

fw 484.93 470.95
cryst syst monoclinic monoclinic
space group C2/c (#15) P21/c (#14)
a (Å) 22.743(6) 9.9281(19)
b (Å) 12.608(3) 13.089(2)
c (Å) 16.053(4) 15.659(3)
â (deg) 129.009(3) 112.120(4)
V (Å3) 3576.8(14) 1885.1(6)
Z 8 4
cryst size (mm3) 0.25× 0.20× 0.20 0.30× 0.30× 0.15
T (K) 113 113
Dcalcd(g cm-3) 1.801 1.659
F(000) 1936.00 944.00
µ (cm-1) 14.591 (Mo KR) 13.777 (Mo KR)
reflns measured 17 245 17 635
unique reflns 3967 4220
observation 2876 (I > 2σ(I)) 3525 (I > 2σ(I))
variables 253 246
R1 [I > 2σ(I)]a 0.041 0.033
Rw

b 0.044 0.037
GOF 1.00 1.00

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b Rw ) [∑w(|Fo| - |Fc|)2/∑wFo
2]1/2.
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Synthesis of TOT‚+‚GaCl4-. This salt was prepared in the same
manner as for TOT‚+‚FeCl4- except that thianthrene‚+‚GaCl4- was
used instead of thianthrene‚+‚FeCl4-. TOT‚+‚GaCl4- was obtained
in 81% yield and recrystallized from acetonitrile-diethyl ether as
described above. TOT‚+‚GaCl4-, deep-green blocks from acetoni-
trile-diethyl ether, mp>300°C, IR (KBr) νmax/cm-1 3076, 1609,
1589, 1501, 1333, 1275, 1159, 1072, 1028, 893, 787, 721, 554.
Anal. Found: C, 43.54; H, 1.94; N, 2.65. Calcd for C18H9Cl4-
GaNO3: C, 43.34; H, 1.82; N, 2.81. EPR (powder)g ) 2.0040 as
a monotonic signal with a width of 4.7 G at half-height. Crystal-
lographic data for TOT‚+‚GaCl4- (C18H9Cl4GaNO3); fw 498.80,
monoclinic, space groupC2/c (# 15),a ) 22.738(6),b ) 12.651-
(2), c ) 17.862(5) Å,â ) 135.614(5)°, V ) 3594.1(14) Å3, Z )
8, T ) 113 K, unique reflections 4037, observations 3430 (I >
2σ(I)), R1 ) 0.031,Rw ) 0.036 [I > 2σ(I)], CCDC 643797.

Synthesis of DOT‚+‚FeCl4-. This salt was prepared in the same
manner as for TOT‚+‚FeCl4-. DOT‚+‚FeCl4- was obtained in 82%
yield. Single crystals were obtained by recrystallization as fol-
lows: DOT‚+‚FeCl4- was dissolved in dichloromethane in a small
round flask. Hexane was carefully placed on the dichloromethane
solution. The flask was capped and kept at room temperature for 1
day to give single crystals for X-ray analysis. DOT‚+‚FeCl4-,
C18H11Cl4FeNO2, fw 470.94, deep-green blocks from dichlo-
romethane-hexane, mp ca. 193°C (decomp), IR (KBr)νmax/cm-1

3082, 1630, 1580, 1491, 1339, 1300, 1275, 1234, 1163, 1153, 1124,
1115, 1057, 862, 791, 760, 712, 600. Anal. Found: C, 45.99; H,
2.27; N, 2.95. Calcd for C18H11Cl4FeNO2: C, 45.91; H, 2.35; N,
2.97. EPR (powder)g ) 2.0165 as a broad and monotonic signal
with a width of 87 G at half-height. Crystallographic data for
DOT‚+‚FeCl4- are listed in Table 1, CCDC 643794.

Synthesis of DOT‚+‚GaCl4-. This salt was prepared in the same
manner as for TOT‚+‚GaCl4-. DOT‚+‚GaCl4- was obtained in 75%
yield and recrystallized from dichloromethane-hexane as described
above. DOT‚+‚GaCl4-, C18H11Cl4GaNO2, fw 484.82, deep-green
blocks from dichloromethane-hexane, mp ca. 216°C (decomp),
IR (KBr) νmax/cm-1 3084, 1630, 1582, 1491, 1337, 1300, 1277,
1234, 1163, 1153, 1124, 1115, 1057, 864, 791, 760, 712, 600. Anal.
Found: C, 44.35; H, 2.39; N, 2.77. Calcd for C18H11Cl4GaNO2:
C, 44.59; H, 2.29; N, 2.89. EPR (powder)g ) 2.0030 as a
monotonic signal with a width of 1.8 G at half-height. Crystal-
lographic data for DOT‚+‚GaCl4- (C18H11Cl4GaNO2); fw 484.82,
monoclinic, space groupP21/c (# 14),a ) 9.937(2),b ) 13.082-
(3), c ) 15.677(4) Å,â ) 112.065(4)°, V ) 1888.8(7) Å,3 Z ) 4,
T ) 113 K, unique reflections 4245, observations 3313 (I > 2σ-
(I)), R1 ) 0.037,Rw ) 0.040 [I > 2σ(I)], CCDC 643795.

Results and Discussion

Syntheses of FeCl4
- and GaCl4- Salts. TOT‚+‚FeCl4-

(GaCl4-) and DOT‚+‚FeCl4- (GaCl4-) were successfully
prepared in high yields by the addition of an acetonitrile
solution of thianthrene‚+‚FeCl4- (GaCl4-) to a solution of
neutral TOT or DOT in dichloromethane in a glove box
(Scheme 1). Single crystals of TOT‚+‚FeCl4- (GaCl4-) and
DOT‚+‚FeCl4- (GaCl4-) were obtained by recrystallization
from acetonitrile-diethyl ether and dichloromethane-hex-
ane, respectively. These radical cation salts were stable under
aerated conditions at room temperature.

Structure of TOT ‚+‚FeCl4-. The X-ray structure of
TOT‚+‚FeCl4- is shown in Figure 1. The crystallographic
data are shown in Table 1. The bond lengths of N-Csp2 were
in the range of 1.377-1.383 Å and shorter than those

(1.404-1.411 Å) of the neutral TOT.7 The TOT‚+ moiety
had a highly planar structure similar to the previously
reported PF6 salt. Several intermolecular contacts shorter than
the van der Waals contact (aromatic C-C contact 3.54 Å)9

were observed between the sp2 carbon atoms (3.29-3.39 Å,
shown as dotted lines in Figure 1, Table S1 in the Supporting
Information), resulting in a TOT‚+ dimer formation. The
observed short contacts are most likely due to the crystal
packing force. They are not in the range of theσ-bond
formation because of the instability of the radical ion, as
evidenced by the highly planar structure of TOT‚+ without
pyramidalization of the contacted carbon atoms. This con-
sideration is supported by the crystal structure of the PF6

salt, where no TOT‚+-TOT‚+ contact was observed.7 The
TOT‚+ dimer was surrounded by eight FeCl4

- counter anions
(Figure 1, bottom right). Additional short contacts were

(9) Bondi, A. J. Phys. Chem.1964, 68, 441-451.

Figure 1. Crystal packing structures of TOT‚+‚FeCl4- projected along
the a axis (left and bottom right) andc* axis (top right); each axis shows
only the direction, whereas the length is meaningless; the dotted lines show
intermolecular short contacts; hydrogen atoms are omitted for clarity. Details
of the short contacts including bond lengths are given in Table S1 in the
Supporting Information.

Scheme 1

Tri- and Di-oxytriphenylamine Radical Cation FeCl4 Salts
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observed between the aromatic carbon atoms and chlorine
atoms of FeCl4- and also between the chlorine atoms of the
FeCl4- counter anions (Figure 1, left).

Magnetic Properties of TOT‚+‚FeCl4-. The above short
contacts would induce relatively strong antiferromagnetic
interactions within the TOT‚+ dimer and also between the
FeCl4- anions. The temperature dependence oføpT for
TOT‚+‚FeCl4- is shown in Figure 2. TheøpT value at room
temperature was 4.47 emu K mol-1, which is close to the
theoretical value of FeCl4

- with S) 5/2 andg ) 2.025 (øpT
) 4.49 emu K mol-1). There appears to be no contribution
of TOT‚+ (S ) 1/2), suggesting that the antiferromagnetic
interaction within the TOT‚+ dimer is much higher than 300
K. TheøpT values decreased as the temperature was lowered,
indicating a weak antiferromagnetic interaction between the
FeCl4- anions. TheøpT values were reproduced using the
parameter of 2J/kB ) -0.88 K in the dimer model ofS )
5/2 (H ) -2JS5/2‚S5/2) (Figure 2).

The antiferromagnetic interaction within the TOT‚+ dimer
was estimated using the GaCl4

- (S ) 0) salt, which had a
very similar structure belonging to the same space group.
The øpT value of TOT‚+‚GaCl4- at room temperature was
quite small (0.028 emu K mol-1) and further decreased as
the temperature was lowered. The simulation using the ST
model with 2J/kB ) ∼ -1.3 × 103 K assuming a 0.62%
Curie impurity well reproduced the experimental results
(Figure 3). Because of the similarity in the molecular and
packing structures between the FeCl4

- and GaCl4- salts,
TOT‚+‚FeCl4- would have an antiferromagnetic interaction
of a similar order, which may appear as a slight deviation
between the observed and calculatedøpT values in a high-
temperature region (T > 100 K), as shown in Figure 2. Thus,
the magnetic property of TOT‚+‚FeCl4- is characterized by
a strong antiferromagnetic interaction within the dimer of
the radical cations. The expected magnetic interaction
between the radical cations and the counter anions was not
visible because of the strong antiferromagnetic interaction
induced by the dimer formation of the radical cations.

Structure of DOT ‚+‚FeCl4-. The twisted structure of
DOT‚+ would prevent dimer formation and may form a 3D
spin network between the DOT‚+ and FeCl4- spins. Figure

4 shows the crystal packing structure of DOT‚+‚FeCl4-. The
crystallographic data are shown in Table 1. The bond lengths
of the N-Csp2 attached to the two-edge phenyl rings (1.402,
1.409 Å) were slightly longer than that (1.385 Å) attached
to the central phenyl ring. The dihedral angle between the
two-edged phenyl rings was 38.3° for the radical cation
DOT‚+‚FeCl4-. The value was slightly lower than that for
theneutralstate(43.0°).8ThepackingstructureofDOT‚+‚FeCl4-

was found to be a columnar alternating stack of DOT‚+ and
FeCl4- along theb axis (Figure 4, Table S3 in the Supporting
Information). A similar spin network was also observed along
the a* axis, producing a 2D network in thea*-b plane.
Furthermore, additional contacts were observed between the
DOT‚+s leading to a DOT‚+ chain along thec axis (Figure
4, bottom). These contacts would lead to 3D antiferromag-
netic interactions between the DOT‚+ and FeCl4- spins and

Figure 2. øpT-T plots of TOT‚+‚FeCl4- (powder) under a magnetic field
of 1000 Oe; the temperature axis is plotted on a log scale for comparison
with the simulation curve (solid line) based on the dimer model ofS) 5/2
using 2J/kB ) -1.76 K.

Figure 3. øpT-T plots for TOT‚+‚GaCl4- (powder) under a magnetic field
of 3000 Oe and the simulation curve (solid line) with the ST model using
parameters of 2J/kB ) -1250 K andg ) 2.0040 (powder EPR), in which
a 0.62% impurity was assumed.

Figure 4. Crystal packing structures of DOT‚+‚FeCl4- projected along
thec axis (top) and theb axis (bottom); each axis shows only the direction,
whereas the length is meaningless; the dotted lines show intermolecular
contacts; hydrogen atoms are omitted for clarity.
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between the DOT‚+spins. No short contact between the
chlorine atoms of FeCl4

- was observed.
Magnetic Properties of DOT‚+‚FeCl4-. The magnetic

interaction due to the short contacts leading to the DOT‚+

chain was estimated from the measurement of the magnetic
susceptibility of DOT‚+‚GaCl4- (Figure 5), which also had
similar molecular and packing structures in the same space
group as the FeCl4

- salt. The analysis was achieved by
applying the Bonner-Fisher model10 (eq 1), in which any
possible difference in the magnetic interactions due to the
different types of short contacts was neglected for simplic-
ity.11 The parameters 2J/kB ) -6.2 K and g ) 2.0030
(powder EPR) well reproduced the experimental values
(Figure 5).

Figure 6 shows theøpT-T plots for DOT‚+‚FeCl4-. The
øpT value at room temperature was 4.77 emu K mol-1, which
is close to the summation ofS ) 5/2 andS ) 1/2 usingg )
2.017 (powder EPR). TheøpT values gradually decreased
as the temperature was lowered (r.t.f ca. 10 K). Further
lowering of the temperature led to a sharp drop in theøpT
values.

An insight into the sharp drop inøpT was obtained from
an experiment using a single crystal of a suitable size (4.5
× 0.3 × 0.2 mm3). The øp of the single crystal of

DOT‚+‚FeCl4- was measured by applying a magnetic field
B (50 mT) in three directions:B//a*, B//b, andB//c (inset
of Figure 6). When the magnetic field was parallel to theb
or c axes,B//b or B//c, theøp values were rather insensitive
to the temperatures below 8 K. The temperature-independent
susceptibility is typical for ordered antiferromagnets under
an applied field perpendicular to the easily magnetized axis
of magnetization.2b,3b,3c On the other hand, whenB//a*, a
sharp drop inøp was observed by lowering the temperature,
suggesting that thea* direction is approximately parallel to
the easily magnetized axis. Although the precise determi-
nation of the principal axes of the susceptibility tensor
requires measurements of the angular dependence of the
magnetic susceptibility, the observed anisotropy of the
magnetic susceptibility is consisitent with the onset of an
antiferromagnetic phase transition at the Neel temperature,
TN ) ∼8 K, in DOT‚+‚FeCl4-.

The synthesis and clarification of the magnetic behavior
in multispin systems based on these radical cation frame-
works are currently in progress.
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Figure 5. øp-T plots for DOT‚+‚GaCl4- (powder) under a magnetic field
of 1000 Oe and a simulation line (solid line) based on Bonner-Fisher model
using parameters 2J/kB ) -6.2 K andg ) 2.0030 (powder EPR), in which
possible differences between the two magnetic interactions indicated from
Figure 4 were neglected for simplicity.

H ) ∑
i

[-2JSi‚Si + 1] (1)

Figure 6. øpT-T plots for DOT‚+‚FeCl4- under a magnetic field of 1000
Oe; the inset showsøp-T plots for a single crystal withB//b, B//c, and
B//a*.
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