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Three newly prepared [Ni(mnt);] complexes, (HMTTF)[Ni(mnt),], (ChSTF)[Ni(mnt),], and (DBTTF);[Ni(mnt),], are
reported (DBTTF = dibenzotetrathiafulvalene, ChSTF = 2,3-cyclohexylenedithio-1,4-dithia-5,8-diselanafulvalene,
HMTTF = his(trimethylene)-tetrathiafulvalene, and mnt = maleonitrile dithiolate). The former two compounds have
usual DA-type (D = donor, A = acceptor) mixed stacks, whereas the DBTTF complex has DDDDAA-type 6-fold
columns. These compounds are electrical insulators, but the HMTTF and ChSTF complexes exhibit T minima at
16 and 55 K, respectively, followed by »T peaks at 8 and 16 K. Below these temperatures the ESR signal disappears,
indicating antiferromagnetic transitions. The origin of the ferromagnetic interaction is explained either from the
difference of the g values between the donor and the anion or from the intrinsic ferromagnetic interaction of the
[Ni(mnt),] anions.

Introduction and isog= isoquinoline)® In these materials, the donor has
In the past few decades, a considerable number of2 1" charge anc = */; Sspin _and the apion has a ]:harge
molecular ferromagnets, such as metatracyanoethylengs SO that the 8Cr hasS= %, spin. Accordingly, the alternating
andp-nitronil nitroxides? have been preparédmong them stack of the donor and the anion gives rise to ferrimagnetic
ferrimagnetic materials composed of two kinds of metal SPin order around 49 K. The Cr atom is, however,
atoms? or, alternatively, one kind of metal atom and organic octahedrally coordinated, and the anion is nonplanar so that

radicals® construct an important family. In this analogy, the donors and the anions are not in a mixed stack in the
several molecular ferrimagnets have been found in charge-“sual manner. Though there are face-to-face contacts between

transfer salts between TTF-type organic donors and metalthe organic donor and ligands such as isoquinoline, the
complexes: representatives are (TTF)[Cr(N&)en)] and wd interactions are mainly mediated by the NCS sulfur

(BEDT-TTF)[Cr(NCS)(isoq)] (TTF = tetrathiafulvalene, ~ atoms

BEDT-TTF = bis(ethlenedithio)-TTF, phes phenantroline, These findings have prompted us to investigate the
magnetic interactions in simpler charge-transfer complexes
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and magnetically well identified. The crystal structures of
(TTF)[Ni(mnt);] and (BEDT-TTF)[Ni(mnt}] are known, but
the physical properties are not reporfedPeryleney
[M(mnt);] (M = Fe, Co, Ni, Cu, Pd, and Pt) have segregate

stacks and are metals down to relatively low temperatures

(58, 73, 32, 25, and 15 K for the Fe, Co, Ni, Cu, and Pt
complexes, respectivelyjwhereas the magnetic susceptibil-
ity, even of the paramagnetic anions (Fe and Ni), drops to
zero at low temperatures accompanied by the lattice
distortion!%c¢ (BMDT-TTF)[M(mnt),] and (EDT-TTF)-
[M(mnt),] have mixed stacks, but the magnetic susceptibility
follows the usual one-dimensional antiferromagnetic model
(BMDT-TTF = his(methylenedithio-TTF, and EDT-TTF
ethylenedithio-TTF}! The magnetic susceptibility of mix-
stacked (EDT-TTR)[M(mnt);] also follows the usual
antiferromagnetic model (EDT-TTFI= diiodoethylene-
dithio-TTF) 2 By contrast, (BDNT)[M(mnt)] (M = Ni, Pd,

Pt, and Au) show relatively high conductivity (1 S/cm), and
the Ni complex exhibits ferromagnetic interactiaiikg =

3.4 K according to the one-dimensional ferromagnetic
model), but the crystal structure is unknown (BDKT4,5-
bis(1,3-benzodithiol-2-ylidene)-4,9-dihydronaphtho [2]3-
[1,2,5]thiadiazole}? (EDO-TTFL)[M(mnt);] (M = Ni and

Pt) have segregated columns with metallic conductivity above
110 K, whereas the magnetic susceptibility shows ferromag-

netic interaction (the Weiss temperatures are 14 and 15 K

for the Ni and Pt complexes, respectively), and the Pt
complex undergoes an antiferromagnetic transition at 5.5 K
(EDO-TTFL = diiodoethylenedioxy-TTF)? The origin of
the ferromagnetic interaction is ascribed to the interaction
of the anions following MacConnell’s first mod&.These
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of these compounds are mix-stacked insulators, the former

two compounds show strong ferromagnetic interactions
above the antiferromagnetic transitions.

Experimental Section

Because ChSTF is a new donor, we briefly describe the synthesis.
The synthesis of ChSTE3) was carried out by using a trieth-
ylphosphite-mediated coupling reaction of 4,5-cyclohexylenedithio-
1,3-dithiole -2-thioneX)'® and 1,3-diselenol-2-keton@){” (Scheme
1). Compoundsl (0.76 g, 2.7 mmol) an@ (0.40 g, 1.9 mmol)
were heated at 11TC in triethyl phosphite (10 mL) for 2 h. After
the mixture was cooled to room temperature, the solvent was
removed in vacuo and purified by column chromatography (silica
gel, CS) to afford ChSTF 8) (0.52 g, 62%), as an orange solid.
H NMR (CDClg) 6 1.45-1.98 (8H, m), 2.62 (2H, m), 7.20 (2H,

s); MSm/z 444 (M*, 100%), 442 (M — 2, 98%).

In cyclic voltammetry, this donor showed two redox waves up
to dications. The first redox potentidtl;,, was 0.38 V and the
second oneE?,,, was 0.77 V, s&?, — E11», which is a measure
of the on-site Coulomb repulsion, was 0.39 V (measured in
benzonitrile in the presence 0BuU;NPFK; as a supporting electrolyte
using a carbon glass working electrode and a Pt counter electrode
with a Ag*/AgCl reference electrode at 2&). These values were
comparable td&l, = 0.37 V andE?;, = 0.81 V for BEDT-TTF

previous results seem to show that a ferromagnetic interactionmeasured under the identical conditions. The other donors were

is observed in relatively highly conducting materials (prob-

prepared according to the literatufe.

ably) having segregated stacks, and the mix-stacked com- Crystals were grown by electrochemical oxidation in/CH in

pounds exhibit the usual antiferromagnetic interaction.

The present work reports structures and properties of three

newly prepared [Ni(mnt) complexes: (HMTTF)[Ni(mng)],
(ChSTF)[Ni(mnt}], and (DBTTF}[Ni(mnt),]. Although all
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the presence of the donor and BiNi(mnt),] using an H-shaped
cell equipped with Pt electrodes. A constant current of-1L@

uA was applied at room temperature, and after one week, black
blocks were harvested.

The X-ray diffraction measurements were performed on a Rigaku
four-circle diffractometer AFC-7R with graphite monochromatized
Mo Ka radiation (@ < 60°) for HMTTF and ChSTF salts, and an
R-AXIS CS imaging plate for the DBTTF salt. The structures were
solved by the direct method (SIR9"®)The structures were refined
by the full-matrix least squares procedure by applying anisotropic
temperature factors for all non-hydrogen atoms. Crystallographic
data are summarized in Table 1, and the selected bond lengths are
listed in Table 2. Atomic coordinates and further details of crystal
structure results were deposited as Supporting Information. Inter-
molecular overlap integrals between the HOMO of the donors and
the LUMO of the acceptors were calculated on the basis of the
extended Haokel molecular orbital calculatiors.

Electrical resistivity was measured by the usual four-probe
method using 1%4m gold wire and carbon paint. Magnetic

(16) Svenstrup, N.; Becher, $ynthesis995 215.
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J. Org. Chem.1976 41, 730. (c) Morand, J. P.; Brzezinski, L.;
Manigand, CJ. Chem. Soc., Chem Commu®86 13, 1050.

(19) Altomare, A.; Cascrano, M.; Giacovazzo, C.; GuagiliardiJAAppl.
Crystallogr. 1993 26, 343.



Ferromagnetic Anomaly in Charge-Transfer Salts

Table 1. Crystallographic Data of (HMTTF)[Ni(mng) (ChSTF)[Ni(mnty], and (DBTTF}[Ni(mnt)_]

(HMTTF)[Ni(mnt)3]

(ChSTF)[Ni(mnty]

(DBTTF)2[Ni(mnt)]

chemical formula %HlZNANiSS C20H12N4NngSQ C36H16N4Ni512
fw 623.52 781.44 948.02
shape black block black block black block
cryst syst triclinic triclinic triclinic
space group P1 P1 P1

alA 7.878(2) 9.071(8) 13.555(6)
b/A 13.391(2) 24.69(4) 15.445(7)
c/A 5.9288(9) 6.081(4) 10.352(5)
o/deg 96.37(1) 89.39(8) 106.19(5)
pldeg 98.09(2) 106.44(6) 102.39(5)
yldeg 105.10(2) 90.4(1) 109.14(4)
VIA3 590.7(2) 1305(2) 1851(1)

z 1 2 2

Dcalcdg cn 3 1.753 1.987 1.700

MA 0.71069 0.71069 0.71070
TIK 298 298 195

R12 0.044 0.083 0.067

wR2® 0.134 0.227 0.157

refins 3444 7650 7894

AR1= 3 |IFol — |Fell/3|Fol. ®WR2 = [FW(|Fo| — |Fc))¥3 W72

susceptibilities were measured using a Quantum Design MPMS-5  (ChSTF}[Ni(mnt),] contains one crystallographically in-
SQUID magnetometer down to 1.8 K. ESR spectra were recorded dependent ChSTF molecule and one anion, which are located
with a JEOL TE-100 spectrometer equipped with a Scientific on general positions. Although the lattice constants are close
Instrument ES-CT470 continuous flow he_lium cryo_stat. For the to monoclinic, attempts to solve the structure under mono-
SQUID and ESR measurements, nonoriented mlcrocrysta_llllne clinic space groups are unsuccessful. This is not surprising
samples were used for the HMTTF complex, whereas a single because in the final results, all molecules are parallel to each
crystal was used for the ChSTF complex. . . .
other, and there are no 24, 2nirror, or glide symmetries.
The cyclohexane ring of the donor has a chair conformation,
but the thermal motion is considerably large (Figure 1b).
Crystal Structures. Crystallographic data of (HMTTF)- ~ The donor and acceptor molecules are alternately stacked
[Ni(mnt);] (ChSTF)[Ni(mnt}], and (DBTTF}[Ni(mnt),] are along thea axis (Figure 3a). The stacking axis again forms
listed in Table 1. ORTEP drawings of the molecular structure an angle of 62 with respect to the molecular plane. Among
with the atomic numbering scheme are shown in Figure 1. the calculated intermolecular overlap integrals (Table 3), the
An asymmetric unit of (HMTTF)[Ni(mn#] contains half DD intefactiorj (cl) is again largest, but there are considerable
of the donor and half of the anion molecules, both lying on Ntéractions in the threea( 64°, c: 35°, and p: 0°)
inversion centers (Figure 2). When the average-$li  directions.
distance, 2.143 A, (Table 2) is compared with the previous An asymmetric unit of (DBTTRINi(mnt)] includes two
resultst! the charge on [Ni(mni) is expected to be™1 The donor molecules and one anion molecule, both lying on
bond lengths of the donor, particularly of the central &6) general positions so that the composition is 2:1. The average
C(6) bond, 1.406(7) A, and of the average §bond, 1.724  Ni—S distance indicates & harge, and the centra=C
A, also support the donor charget.® The donor and  bond lengths, 1.352(4) A for donor A and 1.394(5) A for
acceptor molecules are alternately stacked along the crystaldonor B, together with the average-G lengths, 1.759 A
lographica axis (Figure 2a), and the stacking axis is not for A and 1.732 A for B, indicate charge disproportionation
perpendicular to the molecular plane; it forms an angle of & 0 and 1 (Table 2). The donor and anion molecules
about 653 with the molecular plane (Table 3). In this sense, construct a mixed stack along tiae+ 2c axis (Figure 4),
the structure is close to th phase rather than thgphase, ~ and six molecules form the repeating unfBXB*A°C"C".
known in radical-cation salts. As listed in Table 3, the The anion molecules are then dimerized, and the donors are
calculated intermolecular overlap integrals between the tetramerized. The stacking axis is°7flom the molecular
HOMO of the donor and the LUMO of the acceptor are large Plane. The 2:1 composition and the resulting nonsimple
both for thea andc directions? The alignment of the same ~ Mixed-stacking structure may be related to the weak donor
kind of molecules, namely the DD interaction and the AA ability of DBTTF.2
interaction (D= donor, A = acceptor), runs in the 34 Physical Properties.Owing to the mixed stack structures,
direction with respect to the molecular plane (along ¢the these complexes are electrical insulators; the room temper-
axis). In particular, the DD interaction (c1) in this direction ~ature resistivity is 1.9< 10° Q c¢m for the ChSTF complex.
is very large. The interactions in the 68nd O directions Magnetic properties of (HMTTF)[Ni(mn) have been
are DA interactions. measured for nonoriented polycrystalline samples. The ESR

Results

(20) Legros, J.-P.; Bousseau, M.; Valade, L.; Cassoui®. Cryst. Lig. (21) Hinig, S.; Kieblich, G.; Quast, H.; Scheutzow, Debigs Ann. Chem
Cryst 1983 100, 181. 1973 310.
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Table 2. Selected Bond Lengths (A) of (HMTTF)[Ni(mnj)
(ChSTF)[Ni(mnt}], and (DBTTF}[Ni(mnt)2]

Ni(1)—S(3)
S(1)-C(4)
S(3)-C(9)
N(1)—C(7)
C(1)-C(2)
C(2)-C(4)
C(4)-C(5)
C(7)-C(9)
C(9)-C(10)

Ni(1)—S(5)
Ni(1)—S(7)
Se(1)-C(10)
Se(2)-C(10)
S(1)-C(5)
S(2)-C(6)
S(3)-C(7)
S(4)-C(8)
S(5)-C(15)
S(6)-C(16)
S(8)-C(18)
N(2)-C(14)
N(4)—C(20)
C(1)-C(3)
C(2)-C(4)
C(4)-C(5)
C(5)-C(6)
C(9)-C(10)
C(13)-C(15)
C(15)-C(16)
C(17)-C(19)

Ni(1)—S(9)
Ni(1)—S(11)
S(1)-C(5)
S(2)-C(6)
S(3)-C(8)
S(4)-C(8)
S(5)-C(19)
S(6)-C(20)
S(7)-C(22)
S(8)-C(22)
S(9)-C(31)
S(11)-C(33)
N(1)—C(29)
N(3)—C(35)
c(1)-C(2)
C(2)-C(4)
C(4)-C(6)
C(7)-C(8)
C(9)-C(11)
C(11)-C(13)
C(13)-C(14)
C(15)-C(17)
C(17)-C(19)
C(19)-C(20)
C(23)-C(24)
C(24)-C(26)
C(26)-C(28)
C(29)-C(31)
C(31)-C(32)
C(33)-C(35)

spectra of the HMTTF and the ChSTF complexes give a
single Lorenzian in the whole temperature range without
separating the donor and the anion spins, indicating the
presence of exchange interaction between these spins. Figure
5 shows the temperature dependence ofjthalue, the peak-

to-peak line width, and the intensity for the HMTTF salt.

(HMTTE)[Ni(mnt),]

2.1386(9) Ni(1) S(4)
1.723(4) S(1C(6)
1.713(4) S(4yC(10)
1.140(5) N(2)-C(8)
1.539(6) C(1yC(3)
1.499(5) C(3yC(5)
1.344(5) C(6YC(6)
1.425(5) C(8)C(10)
1.737(5)

(ChSTF)[Ni(mnt}]
2.141(3) Ni(1)-S(6)
2.137(3) Ni(1)-S(6)
1.89(1) Se(HC(11)
1.86(1) Se(2)C(12)
1.70(1) S(1yC(7)
2.02(1) S(2yC(8)
1.72(1) S(3¥C(9)
1.726(1) S(4yC(9)
1.71(1) S(5yC(16)
1.70(1) S(AC(17)
1.71(1) N(1)-C(13)
1.15(1) N(3)-C(19)
1.16(1) C(1¥C(2)
1.38(3) C(2¥C(3)
1.80(3) C(3yC(5)
1.90(3) C(4Y-C(6)
1.38(1) C(7¥C(8)
1.35(1) C(1BC(12)
1.43(1) C(14)yC(16)
1.40(1) c(17yC(18)
1.43(1) C(18¥C(20)

(DBTTF)Ni(mnt),]
2.153(1) Ni(1)-S(10)
2.150(2) Ni(1)}S(12)
1.747(3) S(BC(7)
1.755(3) S(2¥C(7)
1.754(3) S(3yC(9)
1.765(3) S(4yC(10)
1.743(3) S(53C(21)
1.749(3) S(6YC(21)
1.730(3) S(AC(23)
1.730(3) S(8yC(24)
1.725(3) S(16)C(32)
1.724(4) S(12)C(34)
1.144(5) N(2)-C(30)
1.141(5) N(4)C(36)
1.384(5) C(1yC(3)
1.389(5) C(3YC(5)
1.391(5) C(5¥C(6)
1.352(4) C(9)C(10)
1.400(5) C(10yC(12)
1.386(6) c(12yC(14)
1.393(6) C(15)C(16)
1.384(5) C(16)C(18)
1.393(4) C(18)C(20)
1.418(4) c2BC(22)
1.411(5) C(23)C(25)
1.386(4) C(25)C(27)
1.381(5) C(27C(28)
1.439(5) C(30}C(32)
1.375(4) C(33)C(34)
1.431(5) C(34yC(36)

2.1477(9)
1.727(4)
1.710(4)
1.131(5)
1.526(6)
1.499(5)
1.406(7)
1.435(5)

2.135(3)
2.146(3)
1.86(1)
1.84(1)
1.74(1)
1.73(1)
1.74(1)
1.71(1)
1.71(1)
1.71(1)
1.14(1)
1.17(1)
1.61(3)
1.91(4)
1.80(2)
1.21(4)
1.36(1)
1.36(1)
1.40(1)
1.38(1)
1.42(1)

2.155(1)
2.158(1)
1.760(4)
1.758(3)
1.749(4)
1.765(4)
1.741(3)
1.725(3)
1.738(3)
1.748(3)
1.715(3)
1.721(3)
1.146(5)
1.147(5)
1.389(5)
1.388(5)
1.416(4)
1.405(5)
1.395(5)
1.385(5)
1.411(5)
1.379(5)
1.398(4)
1.394(5)
1.416(4)
1.373(5)
1.409(5)
1.441(5)
1.384(5)
1.436(5)

Nakajima et al.

(@) molecule A molecule B

Figure 1. ORTEP drawings with the atomic numbering scheme of (a)
HMTTF and [Ni(mnt}] in (HMTTF)[Ni(mnt),], (b) ChSTF and [Ni(mng)
in (ChSTF)[Ni(mnt}], and (c) DBTTF and [Ni(mnt)] in (DBTTF)2[Ni-

The g value is 2.030 at room temperature, which is greater (mnt].
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Figure 2. Crystal structure of (HMTTF)[Ni(mng). (a) View along the
molecular long axis, (b) view along the short axis, (c) view along the
crystallographic axis, and (d) view perpendicular to the molecular plane.

than gmax = 2.011 for TTF donorg? indicating that the
contribution from [Ni(mnt)] is included®® This is also

(22) Sugano, T.; Saito, G.; Kinoshita, Mhys. Re. B 1986 34, 117.

Figure 3. Crystal structure of (ChSTF)[Ni(mni) (a) View along the
molecular long axis, (b) view along the short axis, and (c) view along the
crystallographica axis.

Table 3. Calculated Overlap Integra§ and the Angle of the
Intermolecular Direction from the Molecular Plage

(HMTTF)[Ni(mnt),] (ChSTF)[Ni(mnt}]

mode S/10%  ¢/deg mode S10°3  ¢/deg
a DA —6.8 65 al DA —2.6 64
a2 DA —-2.5 63
cl DD —12.8 34 cl DD -—12.2 35
c2 AA 25 34 c2 AA 21 35
p DA  —09 3 pl DA -32 3
p2 DA —14 3

supported by the relatively large line width (60 mT at room
temperature). The intensity is nearly constant from room
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Figure 4. Crystal structure of (DBTTR)Ni(mnt),]. (a) View along the
molecular long axis and (b) view along the short axis.

2.10 T T T T T
2 b ]
$ 2.06[ - . i
*2.04r 1
4k . 160
s L B =
) i, Lt 140 €
S o = &
e - "ot 120 %
B ‘A.......n‘“ ‘. " - .- - " .
OL- 1 1 1 1 1 0
0 100 200 300
T/K

Figure 5. Temperature dependence of the EgtRalue, the peak-to-peak
line width, and the intensity for (HMTTF)[Ni(mng).
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Figure 6. Temperature dependence of the static susceptibjiliynd T
of (HMTTF)[Ni(mnt),].
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Figure 7. Temperature dependence of the ESR peak-to-peak line width
and the intensity for (ChSTF)[Ni(mr{) The magnetic field is applied along
the crystallographi@a—c axis.

emu K mol! and the Weiss temperature is30 K. The
observed Curie constant is consistent with the spin-only value
of two S= ¥, spins, 0.375x 2 = 0.75 emu K motl. The
relatively large Weiss temperature indicates the presence of
large antiferromagnetic interactions. It is noteworthy that the
susceptibility follows the CurieWeiss law rather than low-
dimensional models. This is reasonable because the calcu-
lated overlap integrals (Table 3) do not show one-
dimensionality.

The susceptibility exhibits a rapid increase below 20 K
and makes a sharp peak at 8 K. Below this temperature, the
susceptibility drops sharply. The susceptibility2eK is about
two-thirds of the peak value, indicating an antiferromagnetic
phase measured for a nonoriented sample. EvepTiheot
makes a minimum around 16 K and forms a peak around 8
K, suggesting some kind of ferromagnetic interaction.

The temperature dependence of the ESR peak-to-peak line
width and the intensity for (ChSTF)[Ni(mnt)are shown in
Figure 7. Theg value is about 2.055, indicating the
contribution of the [Ni(mnt)] anion. The ESR spectra are
recorded only below 80 K because the signal rapidly
diminishes above this temperature. The line width does not

temperature to 100 K and gradually increases down to 30 change much below this temperature. The intensity increases

K. In this temperature range, tigevalue is almost constant,

considerably and makes a maximum around-20 K. The

and the line width decreases monotonically. The intensity ESR signal disappears below 9 K, though the broadening of
makes a peak around 30 K and rapidly drops below this the line width is not clear in this compound. This suggests
temperature, accompanied by abrupt broadening of the linesome kind of magnetic ordering, and in analogy with the
width. This indicates a magnetic transition around this HMTTF compound, this is probably an antiferromagnetic

temperature. It is noteworthy that tigevalue considerably
increases below this transition.

transition.
The temperature dependence of the static susceptibility is

The temperature dependence of the static susceptibility isshown in Figure 8. The high-temperature static susceptibility

shown in Figure 6. The susceptibility obeys the Ctiéeiss

follows the Curie-Weiss law with the Curie constant, 0.65

law at high temperatures, where the Curie constant is 0.70emu K mol?, and the Weiss temperature,7 K. The T
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Ferromagnetic Anomaly in Charge-Transfer Salts

L the HMTTF complex. This reminds us that induced weak
_ 06 i “,...---"""‘""'M oo ferroma_gne_nsm was observed |n11r(ESe-TTF)F_eBr.23 The
g o magnetization curve of the ChSTF complex is more usual,
04 180 2 probably because no clear anomaly has been observed in
g 160 2 the T results (Figure 8) at this temperature.
B 40 = The DBTTF complex is expected to be diamagnetic on
S 0% ™ g f the dimerized
= C be & account of the dimerized structure.

L 0 i i

00 o Sos = Discussion
T/K

Both the ESR and the static susceptibility of (HMTTF)-
[Ni(mnt);] clearly show the antiferromagnetic transition. The
transition temperature observed in ESR, 20 K, is, however,
(a) 200 S— — . considerably higher than that of the static susceptibility, 10
K. Below 20 K, the ESRg value increases considerably
(Figure 5). This increase seems to coincide withyfh@eak
(Figure 6). BecausgT should be proportional tg?, theyT
-400 peak is explained by thg shift. If the spins of the mix-
stacked chain align antiferromagnetically, then all donors
have upward spins and all anion spins are downward.
Although both the donor and the anion haSe= 1/, spin,
the spin lengths are slightly different, and the difference,
100k measured by the difference of tgevalues, brings about the
xT peak. This is similar to thgT peak observed in one-
dimensional ferrimagnetic chains such as (TTF)[Cr(NES)

! ! (phen)]® where ¥T shows a slight decrease from room
-1000 -500 0 500 1000 temperature to low temperature, makes a minimum, and
B /mT exhibits a giant increase coming from the ferrimagnetic
intrachain order, followed by a rapid drop associated with
1500 T ] an antiferromagnetic transition. The peaks observed in the
present compounds are not so large bec&iisethe same
10001 . for the donor and the anion. The 20 K anomaly observed in
ESR is attributed to a short-range antiferomagnetic order in
5001220 - the mix-stacked chain, and the 10 K transition in the static
T —r susceptibility is ascribed to the three-dimensional antiferro-
0 magnetic transition.
This interpretation seems to be very plausible, but ferro-
500} magnetic interaction has been observed in other [M(3hnt)
complexes such as (EDO-TTHM(mnt),] (M = Ni and Pt)
1000 and (BDNT)[Ni(mnt)],***4which probably have segregated
[Ni(mnt);] columns. In addition, ferromagnetic order has
A . been reported in NEINi(mnt),](H.0).2* These compounds
-1000 -500 0 500 1000 suggest that the [Ni(mnf) molecules tend to afford ferro-
B /mT magnetic interactions by themselves. This has been attributed
F’\ilgure 9. M;ggeticzra]\gt%r;v’ir_sus apglri]ed field Iﬁ K for (ad) (HIMTT_F)- § to MacConnell’s first model® The present compounds have
i[n IézTr? ta)z:I aﬁg osie)nged S0 a?s[té(nTgl?]e- theestcaréllfitr?gsa":l(Ii’;3 ;;Zpallc()a“g t?lger?lfgneticanlon_anlon, mteracﬂqns I,n th_e 3@”69“0?‘ (Table 3), a”?'
field in part b. ferromagnetic interaction in this direction is another possible
" origin of the observed ferromagnetic anomaly.
plot shows a mlnlm.ur_n. around 55 K and makes a peak around The present compounds are, however, the first mix-stacked
16 K. The susceptibility does not show a clear drop,)out  ¢,mnounds showing ferromagnetic interaction, and all other
rapidly drops belowTy = 9 K. Although the static  ed stacked materials such as (BMDT-TZM)(mnt),],
suscgptlbmty does not provide clear_ewd_ence of magnefuc (EDT-TTF)[M(mnt),], and (EDT-TTFh);[M(mnt),] exhibit
transition, the result does not conflict with the magnetic ,q,a| antiferromagnetic interactiods2Thus, it still remains

transition observed in the ESR measurement. enigmatic why only the present compounds show ferromag-
Figure 9 shows the magnetization curve at low tempera-

ture. A!though the magnetization curve shows very weak (23) Enomoto, M.; Miyazaki, A.; Enoki, TMol. Cryst. Lig. Cryst Sci.
saturation, the curve of the HMTTF complex shows inflec- Techngl.1999 335 2|_93. riend red - chan
tion points around 1.4 T, associated with a spin-flop (4 Coomber A T.Beljonne, D.; Friend, R. H.; Bredas, J. L.; Chariton,

M . o A.; Robertson, N.; Underhill, A. E.; Kurmoo, M.; Day, Rature1996
transition. At low fields, a small hysteresis is observed for 380, 144.

Figure 8. The temperature dependence of stgtiandyT for (ChSTF)-
[Ni(mnt),]. The magnetic field is applied along tlee-c axis.
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netic anomalies. More systematic study of the same kind of Molecular Conductors (no. 15073211) from the Ministry of
compounds will resolve these points. Education, Culture, Sports, Science and Technology, Japan.
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