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Four kinds of 1:1 and 1:3 salts of 3-[4-(trimethylammonio)phenyl]-1,5-diphenyl-6-oxoverdazyl radical cation ([1]*)
and its mono- and dimethyl derivatives ([2]* and [3]*) with Ni(dmit), anions (dmit = 1,3-dithiol-2-thione-4,5-dithiolate)
(I1[Ni(dmit)g] ~ (4), [2]*[Ni(dmit)y]~ (5), [3]*[Ni(dmit)2]~ (6), and [1]*[Ni(dmit),]s~ (7)) have been prepared, and the
magnetic susceptibilities (yu) have been measured between 1.8 and 300 K. The yy values of salts 5 and 7 can
be well reproduced by the sum of the contributions from (i) a Curie—Weiss system with a Curie constant of 0.376
(K emu)/mol and negative Weiss constants (®) of —0.4 and —1.7 K and (i) a dimer system with strong negative
exchange interactions of 2J/ks = —354 and —258 K, respectively. The dimer formations in Ni(dmit), anions have
been ascertained by the crystal structure analyses of salts 4-6. In salts 4 and 6, Ni(dmit), dimer molecules are
sandwiched between two verdazyl cations, indicating the formation of a linear tetramer in 4 and 6. The magnetic
susceptibility data for salts 4 and 6 have been fitted to a linear tetramer model using an end exchange interaction
of 2J1/ke = —600 K and a central interaction of 2J,/kg = —280 K for 4 and 2Ji/kg = =30 K and 2J,/ks = —580
K for 6, respectively. The results of the temperature dependence of the g(T) value in salts 4—6 obtained by ESR
measurement also support the above analyses. The 1:1 salts 4-6 are insulators. On the other hand, the conductivity
of the 1:3 salt 7 at 20 °C was o = 0.10 S cm~* with an activation energy Ex = 0.099 eV, showing the semiconductor
property. Salt 7 is a new molecular paramagnetic semiconductor.

Introduction coexist has been reported for (BEDT-TIH.O0)[Fe(GO,)3]-

Development of the molecular ferromagnet and that of the (CeHsCN) [BEDT-TTF = bis(ethylenedithio)tetrathiaful-

. . . valene = 7 K).! Coexistence of ferromagnetism and
superconductor are two challenging targets in material 1 Te ) 9

science, and many studies have been performed with gre:Fetamc conductivity has been found for a similar system,
I} _ 2 i
success in recent years. Superconductivity and magnetis BEDT-TTFIMnCr(C04)s].* Further, it has been reported

have long been considered incompatible with each other, that«-BETSFeBr (BETS = bis(ethylenedithio)tetraselena-

because Cooper pairs are destroyed by an external field (Olfulvalene) undergoes the transition from an antiferromagnetic
. 3
by the internal field generated in ferromagnets). Conse- (AFM) metal phase to a superconducting phase at 131 K.

quently, it is very interesting to establish superconductivity
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However, the examples of the organic/inorganic hybrid
system in which the magnetism and conductivity coexist are
very limited, because of the difficulty in molecular design

of the complexes.

Extensive studies have been performed for the assembled

metal complexes (cation)[M(dmi} (M = Ni and Pd, and
dmit = 1,3-dithiol-2-thione-4,5-dithiolate) of a closed-shell
cation with an M(dmit) anion, exhibiting insulating, metallic,

and superconducting phases at low temperature under high

pressuré 2® Two examples of molecular magnetic semi-

conductors consisting of an open-shell radical cation donor
and a metal complex anion acceptor have been reported for

the 1:1 salts of (i) thep-EPYNN (p-N-ethylpyridinium
a-nitronyl nitroxide) and (ii) the MeN*-TEMPO (N,N,N-
trimethyl(1-oxyl-2,2,6,6-tetramethylpiperidine-4-yl)ammo-
nium) radical cations with a Ni(dmit)anionit1?

Verdazyl radicals are well-known as one type of the
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representative stable free radicals. Several interesting mag-

netic properties, such as ferromagnetisif, weak ferro-
magnetismt? 17 antiferromagnetisn® spin—Peierls transi-
tion,’°2% and spin frustratiod! have been found for the
verdazyl radical crystals in recent years. The magnetic
properties of the transition-metal and hydroquinone com-

In a previous work, we reported the preparation of the
1:1 and 1:2 salts of ethylpyridinium verdazyl radical cations
with TCNQ anion. The 1:2 salts were found to be genuine
organic paramagnetic semiconduct&rEurther, the 1:1 and
1:3 salts of Ni(dmit) anion with 6-oxoverdazyl radical cation

plexes of the verdazyl radicals have been investigated by[V]™ (V = 3-[4-(diethylmethylammonio)phenyl]-1,5-di-
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phenyl-6-oxoverdazyl radical) were prepafédhe 1:1 and

1:3 salts were found to be a paramagnetic insulator and
semiconductor, respectively. However, the examples of the
molecular complexes consisting of the open-shell radical
cation and Ni(dmit) anion are very limited. In the present
work, we prepared four kinds of Ni(dmit)salts @—7)

of 3-[4-(trimethylammonio)phenyl]-1,5-diphenyl-6-oxover-
dazyl radical cation (J*) and its mono- and dimethyl
derivatives (]" and B]") (see Chart 1), and studied the
structural, magnetic, and electric properties of these radical
salts.

Experimental Section

2. Experimental Section. Syntheses3-(4-Dimethylamino-
phenyl)-1,5-diphenyl-6-oxoverdazyl radicgl-DaDpOV) and its
methyl derivatives g-DaPTOV andp-DaDtOV) were prepared
according to a procedure similar to that used by Neugebauer et
al®to prepare a 1,3,5-triphenyl-6-oxoverdazyl (TOV) radical. The
precursors of the above verdazyl radicals, that is, 1,4,5,6-tetrahydro-
2,4-diphenyl-6-(4-dimethylaminophenyl)-1,2,4,5-tetrazint3)2
one and its methyl derivatives, were also prepared according to a
method used by Neugebauer e£%al.

3-(4-Dimethylaminophenyl)-1,5-diphenyl-6-oxoverdazyl, p-
DaDpOV.To a stirred solution of 1,4,5,6-tetrahydro-6-(4-dimethyl-
aminophenyl)-2,4-diphenyl-1,2,4,5-tetrazin-Bj2one (958 mg, 2.6
mmol) in dimethyl sulfoxide (5 mL) was added lead dioxide (4 g),
and stirring was continued for 12 h. The reaction mixture was

(26) Hicks, R. G.; Lemaire, M. T.; Ohrstrom, L.; Richardson, J. F;
Thompson, L. K.; Xu, ZJ. Am. Chem. SoQ001 123 7154.
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K.; Taniguchi, M.; Misaki, Y.; Tanaka, KPolyhedron2001, 20, 1537.

(28) Mukai, K.; Hatanaka, T.; Senba, N.; Nakayashiki, T.; Misaki, Y.;
Tanaka, K.; Ueda, K.; Sugimoto, T.; Azuma, Morg. Chem2002
41, 5066.

(29) Neugebauer, F. A.; Fischer, H.; Krieger, CJJChem. Soc., Perkin
Trans 2 1993 535.
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Table 1. Conductivity prr), Activation Energy Ea), ymT Value (at 300 K), Magnetism, and Pascal’'s Diamagnetig) (of Salts4—10

ORT T ) Xl 1073
salt (Scnmy [(K emu)/mol] magnetism (emu/mol)
[1]F[Ni(dmit),] ~-Y/2,CH3CN (4-Y/,CHsCN)  1.9x 107 7ac 0.323(0.3919 linear tetramer Tnax~ 360 K, 2i/kg = —600 K, —0.440
2J,/kg = —280 K) + Curie impurity (3.0%)

[2]F[Ni(dmit),] ~ (5) 1.8x 1077ac 0.650 Curie-Weiss @ = —0.4 K) + S—T (2J/ks = —354 K) —0.428
[3]F[Ni(dmit),] ~ (6) 4.7 x 1075bd 0.540 linear tetramer @ks = —30 K, 2J,/kg = —580 K) —0.440
[2]F[Ni(dmit),]5~ (7) 1.0x 10°tPd(E,=0.10eV) 0.642 CurieWeiss @ = —1.7 K) + S—T (2J/kg = —258 K) —0.786
[2]F17+Y/,H,0 (8-Y/2H,0) 0.331 Curie-Weiss @ = —2.9K) —0.287
21717 (9) 0.357 Curie-Weiss @ = —3.8 K) —0.297
[3]*1~ (10 0.346 Curie-Weiss @ = —0.6 K) —0.312

aSingle crystal? Pressed pellet Two-probe ac method! Four-probe ac method.The value at 350 K.

filtered. After addition of water and chloroform to the filtrate the
organic layer was separated, washed with water, dried (MgSO

mg, 80%) precipitated were filtered and recrystallized from
acetonitrile. The salt includes a CHCN molecule in the crystal

and evaporated under reduced pressure. The residue was chromatavith a ratio of 1:0.5, as the crystal structure analysis indicates. Dark-
graphed on silica gel using chloroform as eluent. Recrystallization green prismatic crystals were obtained: mB00°C; UV (CHs-

of the residue from ethyl acetatetiexane (1:3, v/v) afforded the
product as dark-green thin needle crystals (787 mg, 83%): mp 184
186°C; UV (dioxane)lmax (log €) 628 (3.01), 315 (4.60) nm. Anal.
Found: C, 71.46; H, 5.48; N, 18.96. Calcd fop,B,0NsO: C,
71.33; H, 5.44; N, 18.91.

The following radicals were prepared similarly.
3-(4-Dimethylaminophenyl)-1-phenyl-5-tolyl-6-oxoverdazyl,
p-DaPTOV. Light green thin needle crystals were obtained: mp
155-157°C; UV (dioxane)max (log €) 625 (3.10), 315 (4.59) nm.

Anal. Found: C, 71.94; H, 5.82; N, 18.13. Calcd fossid,,N50:
C, 71.85; H, 5.77; N, 18.22.

3-(4-Dimethylaminophenyl)-1,5-ditolyl-6-oxoverdazyl p-DaD-
tOV. Dark green needle crystals were obtained: mp-1834°C;
UV (dioxane) Amax (log €) 625 (3.07), 316 (4.57) nm. Anal.
Found: C, 72.50; H, 6.19; N, 17.55. Calcd fops8,4Ns0: C,
72.34; H, 6.07; N, 17.57.

Preparations of the iodide sas-10 were as follows.

[1]11~ Salt (8), [1]t = 3-[4-(Trimethylammonio)phenyl]-1,5-
diphenyl-6-oxoverdazyl Radical Cation. A 1.03 g sample of
p-DaDpOV radical was dissolved in 20 mL of GH and the

CN) Amax (log €) 618 (3.53), 572 (3.59), 540 (3.57), 438 (4.25),
392 (4.35), 314 (4.56), 238 (4.67) nm. Anal. Found: C, 42.09; H,
2.86; N, 8.98. Calcd for §5H23N50810Ni-1/2CH3CN: C,42.03; H,
2.88; N, 8.98.

The following Ni(dmit), salts were prepared similarly.

[2][Ni(dmit) ;]~ Salt (5). Dark-green prismatic crystals were
obtained: mp> 300 °C; UV (CH3;CN) Amax (log €) 615 (3.50),
574 (3.60), 547 (3.57), 440 (4.23), 392 (4.32), 316 (4.52), 237 (4.66)
nm. Anal. Found: C, 42.23; H, 2.86; N, 8.31. Calcd faptsNs-
OS;Ni: C, 42.34; H, 2.96; N, 8.23.

[3]F[Ni(dmit) )]~ Salt (6). Dark-green platelet crystals were
obtained: mp> 300 °C; UV (CH3;CN) Amax (log €) 614 (3.48),
575 (3.58), 551 (3.56), 438 (4.20), 395 (4.28), 318 (4.49), 237 (4.63)
nm. Anal. Found: C, 43.00; H, 3.12; N, 8.24. Calcd fasildy;Ns-
OS;Ni: C, 43.04; H, 3.15; N, 8.10.

[1]7[Ni(dmit) o]s~ Salt (7). For the preparation o%, the air
oxidation of a solution containing (39 mg), acetic acid (15 mL),
and acetic anhydride (15 mL) in acetone (150 mL) was carried out
at room temperaturé? Black fine crystals obtained show a high
melting point and are insoluble in the usual organic solvents. The

solution was stirred for 1 week at room temperature. The red crystalsresult of the elemental analysis indicates the formation of a 1:3

precipitated were filtered and washed with diethyl ether. Recrys-
tallization of the residue from acetonitritaliethyl ether solution

afforded the product as dark-red plate crystals (1.35 g, 95%). The

salt8 includes a HO molecule in the crystal with a ratio of 1:0.5,
as the crystal structure analysis indicates: mp-1T746 °C; UV
(CH3CN) Amax (log €) 535 (3.30), 424 (3.18), 314 (4.07), 248 (4.49)
nm. Anal. Found: C, 53.37; H, 4.52; N, 13.42. Calcd fog;3Ns-
OI-1/2H,0: C, 52.98; H, 4.64; N, 13.43.

The following iodide salts were prepared similarly.

[2]*1~ Salt (9), [2]" = 3-[4-(Trimethylammonio)phenyl]-1-
phenyl-5-tolyl-6-oxoverdazyl Radical Cation. Dark-red plate
crystals were obtained: mp 15052 °C; UV (CH3CN) Amax (log
€) 535 (3.35), 428 (3.23), 318 (4.07), 247 (4.50) nm. Anal. Found:
C, 54.54; H, 4.83; N, 13.07. Calcd for£,5NsOl: C, 54.78; H,
4.78; N, 13.31.

[3]"1~ Salt (10), [3]" = 3-[4-(Trimethylammonio)phenyl]-1,5-
ditolyl-6-oxoverdazyl Radical Cation. Dark-red plate crystals were
obtained: mp 162164 °C; UV (CH3CN) Amax (log €) 535 (3.40),
433 (3.29), 322 (4.12), 247 (4.53) nm. Anal. Found: C, 55.31; H,
5.01; N, 13.00. Calcd for £H,7NsOl: C, 55.56; H, 5.04; N, 12.96.

Preparations of the Ni(dmijtsalts4—6 were as follows.

[1]*[Ni(dmit) ]~ Salt (4). To a solution of 1]*l1~ (16.1 mg,
0.0313 mmol) in acetonitrile (10 mL) was added slowiyHu,N]*-
[Ni(dmit),]~ (21.7 mg, 0.0313 mmol) in acetonitrile (20 mL), and

the reaction mixture was kept for one night at room temperature

under a nitrogen atmosphere. The dark green crystas (8.0

568 Inorganic Chemistry, Vol. 43, No. 2, 2004

salt, 7.2 mp > 300°C. Anal. Found: C, 28.24; H, 1.58; N, 3.66.
Calcd for GiH23Ns0S0Nis: C, 28.30; H, 1.33; N, 3.20.

Susceptibility and Conductivity Measurements.The magnetic
susceptibility was measured in the temperature range ef308
K by a SQUID magnetometer. The susceptibility of all samples
has been corrected for the diamagnetic contributigg) ( calculated
by Pascal’'s method (see Table 1).

The conductivity measurements were performed for the single
crystals of saltgl and5 and the pressed pellet samples of sélts
and7, using the standard two- or four-probe ac technique. Electrical
contacts were achieved with gold paste.

Structure Determination and Crystal Data. The X-ray mea-
surements of the Ni sal$—6 and iodide salB8 were carried out
on a Rigaku AFC5R diffractometer with graphite-monochromated
Cu Ko (4 = 1.54178 A) and Mo K (1 = 0.71069 A) radiations.
The structure was solved by the direct method. The crystallographic
data and the parameters of structure refinement are given in Table
2.

Results

UV and Visible Spectra of Salts 4-6. As reported in a
previous work’® the absorption spectra of salts-6 in
acetonitrile can be well explained by an addition of those of
iodide salts8—10 and jn-BusN]T[Ni(dmit),] ~, respectively,
suggesting 1:1 complex formation between verdazyl cation
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Table 2. Crystal Data, Experimental Conditions, and Refinement Details of the 1:1 Nigd&at)s4—6 and the lodide SalB

[4]*[Ni(dmit),] ~+%,CHsCN [2]*[Ni(dmit)2] - [3]*[Ni(dmit),] [4]%17+%,H,0
empirical formula 2(@3H23N50)2(C6NiSlO)'CszN C30H25N50$10Ni C31H27N508_|_0Ni C23H23N50|‘1/2H20
fw 1714.74 850.94 864.97 521.38
cryst color dark green, prismatic dark green, prismatic black, plate red, prismatic
cryst syst triclinic triclinic monoclinic monoclinic
space group P1(No. 2) P1 (No. 2) P2,/c (No. 14) P2:/n (No. 14)
alA 12.533(1) 13.281(3) 9.641(3) 13.114(4)
b/A 15.012(2) 13.930(5) 22.435(4) 11.332(3)
cA 9.983(1) 10.618(4) 16.989(3) 18.437(7)
a/deg 97.632(10) 109.72(3)
Bldeg 107.299(8) 95.72(2) 93.37(2) 108.67(3)
yldeg 89.890(10) 96.19(2)
VIA3 1775.9(4) 1818.9(11) 3668(1) 2595.7(15)
z 1 2 4 4
Dy/(g cm3) 1.603 1.554 1.566 1.334
ulem? 65.76 (Cu k) 11.41 (Mo Kot 11.33 (Mo Kot 12.57 (Mo Kot
cryst size/mm 0.28& 0.180x 0.150 0.300< 0.200x 0.150  0.50x 0.38x 0.08  0.430x 0.230x 0.130
range of #/deg 4.7123.1 4,755.1 4.7-55.0 4.7-55.0
no. of reflns measured 5813 8694 9147 6504
no. of unique refinsRn) 5527 (0.015) 8377 (0.028) 8429 (0.058) 5970 (0.052)
no. of refins obsd 5527 (all,2< 123.10) 8377 ( > 0.00) 6252 (> 20(F?) 4908 ( > 0.00)
no. or reflns/no. of params ratio 12.94 19.76 14.44 17.53
R Ry 0.041,0.142 0.059, 0.156 0.087,0.188 0.069, 0.212
S(goodness of fit) 0.98 1.18 1.22 1.15
max shifts/error 0.001 0.00 0.000 0.002
residual electron density/(e &) —0.52 t0o+0.40 —0.65 to+0.87 —1.18to+1.57 —0.93 to+1.44
Table 3. Selected Structural Data for 1,3,5-triphenyl-6-oxoverdazyl of verdazyl moieties in saltsand6 are also similar to those
(TOV), [1]*[Ni(dmif);] salt4, and8 of TOV (data are not shown). The structures of the Ni(dimit)
[1]+1[Ni(dmit)fz]" [11]+I‘- anion moiety in salt?l—6 are also similar to those in the
Tov 12CHLCN 12H20 [n-BusN]*[Ni(dmit),]~ salt (data are not show#).The
rC\J)I—CCZ/zéAa i-ggf(f) i-ggé(i) 1-5341(10) dihedral angles between least-squares planes of two dmit
N1—N2/Ab 1:3688 1:366543 1237&2)) rings in salts4—6 are 4.38, 8.11°, and 7.22, respectively,
N2—C1/A¢ 1.330(1) 1.327(4) 1.34(2) indicating the planarity of the Ni(dmi)moiety.
N5—C12/A 1.500(4) 1.504(9) Molecular packing of sal¢ is shown in Figure 3. The
N1-N2-C1/ded 115.3 115.3(3) 113.7(7) . . o .
N2—C1-N3/deg 127.0 127.1(3) 128.9(7) unit cell of salt4 contains two Ni(dmit) anions and two
N3—N4—C2/deg 124.0 124.4(3) 124.9(7) verdazyl cations]]*. The Ni(dmity anion molecules in salt
N4-C2-N1/deg 114.4 113.5(3) 113.7(r) 4 form a dimer ([Ni(dmit}] (A)—[Ni(dmit);] (B)) having
dihedral angle/deg, N1-phenyl 34.5(1) 30.2(2) 41.3(3) . di f 3@.7A al theb axis. Th
dihedral angle/deg, N4-phenyl 34.5(1) 53.8(1) 4g2(3)  Intradimer contacts of ca. 3:63.7 A along axis. The
dihedral angle/deg, C1-phenyl 12.3 9.5(1) 11.1(3) dimer molecules are sandwiched between two verdazyl cation
2Mean value of N+-C2 and N4-C2.° Mean value of N+-N2 and N3~ [1* mqlecu_les' forming a !inear tetramele—[l\_li(dmit)z]
N4. ¢ Mean value of N2C1 and N3-C1.9Mean value of N:-N2—C1 (A)—[Ni(dmit),] (B)—[1]") in the crystal (see Figure 3 and
ang ((::11—8N3t—N4. éMein value of thmc—lczce;nd c(;}gi;Ntz. C7, C&It Table 4). The Ni(dmit) anion dimers are connected to each
?;Specﬁvgy?ms In sa% correspond fo &2, L2, an aoms in &t other through shortSS contacts (StS1= 3.632(2) A and
S1-S2=3.643(1) A).
and [Ni(dmity]~ anion. The7 crystals are insoluble in the Molecular packing of sal6 is shown in Figure 4. The
usual organic solvents, and we could not measure the opticalunit cell of salt5 contains two Ni(dmif) anions and two
spectrum of salf in solution. verdazyl cationsg]*. The Ni(dmity anion molecules in salt
Crystal Structures of Salts 4-6 and 8. The crystal ~ Salso form a dimer ([Ni(dmig] (A) —[Ni(dmit),] (B)) having
structure could be determined for the 1:1 {{Rli(dmit),] intradimer contacts of ca. 3:8.8 A along thec axis (see
(V = 1-3) salts4—6 and the sal8 (see Table 2). Salt$ Table 5). However, the interdimer distances are larger than
and8include CHCN and HO molecules in the crystal with ~ 6.509(2) A (S5-S10), as shown in Figure 4.
a ratio of 1:0.5, respectively. In parts-a of Figure 1 and Molecular packing of sal6 is shown in Figure 5. The
in Figure 2, we show the solid-state structures of s&ité unit cell of salt6 contains four Ni(dmit) anions and four
and8, respectively. verdazyl cations3]*. The Ni(dmity anion molecules in salt
Table 3 shows that the bond lengths and bond angles of6 form a dimer ([Ni(dmit)] (A)—[Ni(dmit),] (B)) having
verdazyl moieties in the Ni(dmif)salt 4 and iodide salB8 intradimer contacts of ca. 3-8.8 A presented in Table 6.

are similar to those of the neutral 1,3,5-triphenyl-6-oxover- The dimer molecules are sandwiched between two verdazyl

dazyl (TOV)2 indicating that the verdazyl moieties in salts ~cation B]* molecules, forming a linear tetrame8Jf —[Ni-

4 and8 are not oxidized® The bond lengths and bond angles (dmit)z] (A) —[Ni(dmit);] (B)—[3]*) in the crystal, as ob-
served for salt (see Figure 5 and Table 6). The dimers are

(30) Nakatsuiji, S.; Kitamura, A.; Takai, A.; Nishikawa, K.; Morimoto, Y.;
Yasuoka, N.; Kawamura, H.; Anzai, . Naturforsch.1998 53b, (31) Lindqvist, O.; Anderson, L.; Sieler, J.; Steimecke, G.; HoyeAd&a
495. Chem. Scand., SeA 1982 36, 855.
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Figure 2. Molecular structure of the iodide s&8twith the atom numbering
scheme.

Figure 3. Molecular packing in sald, showing the formation of a linear
tetramer [verdazyl cationNi(dmit), anion (A)}-Ni(dmit), anion (B)-
verdazyl cation] along thé axis.

V(B) s, V(A)

%—c{)’(& P’@'C}é of }'0 @.@3—4«’?&6'(%
}}‘ﬂ
—O-O-o.v

/ TO‘D*@-—Q Ni(A)

\“‘O'O—Oho Ni(B)
Ao P aR__»
& op—o. f; > D-c-o,».o’)a—-ﬁ)&?;c;ﬂ

+b

Figure 4. Molecular packing of salb.

In the iodide salB, the interatomic distances between the
nitrogen atoms in the central hydrazidinyl moiety (N42—
C1-N3—N4—C2) having large unpaired spin densities are
Figure 1. Molecular structure of (a) sakt, (b) salt5, and (c) sal6 with larger than 6.46(1) A, indicating weak intermolecular
the atom numbering scheme. exchange interaction, as described 18tdme iodide ion ()
in salt8 is located near the N3 and C1 atoms of the verdazyl
ring; the F—N3 and F—C1 distances are 3.776(7) and

connected to each other through four shortSScontacts
(S1-S8 = 3.803(4) A, S5S9 = 3.574(3) A, S5S8 =
3'747(4) A’ and S9S9= 3'586(5) A)’ as shown in Figure (32) Mukai, K.; Suzuki, K.; Ohara, K.; Jamali, J. B.; Achiwa, N.Phys.
5. Soc. Jpn1999 68, 3078.
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Table 4. Pertinent Intermolecular Contactg4) in [1] [Ni(dmit),]~ 4-%/,CH;CN
[Ni(dmit)2]-++[Ni(dmit)2] [Ni(dmit)2]-+-[Ni(dmit)]

[Ni(dmit)2]---verdazyl [Ni(dmit)]---verdazyl

INi(A) -+Ni(B)] [Ni(A) -+-Ni(C)] INi(A) --V(A)] [Ni(A) --V(B)] verdazyk--verdazyl
Ni--Ni, 5.540(1) Ni-+Ni, 9.98 Ni--N2, 3.853(3) S7+N3, 3.690(3) Ne-Nj, >5
Ni---S1, 3.679(1) S%-S1, 3.632(2) Ni--N3, 3.905(3) S7+N4, 3.971(3)

Ni---C3, 3.789(3) S%-S2, 3.643(1) S5:N3, 3.511(3)

S2--C5, 3.877(4) S%-C1, 3.834(4) S9-N4, 3.429(3)

S3--S9, 3.893(1) S9-N1, 3.680(3)

S4-+-S5, 3.945(1) S9-N3, 3.791(3)

S5--C2, 3.628(4) S9-N2, 3.958(3)

S5--C3, 3.772(4)

C5-N1, 3.584(4)
S9--C1, 3.660(4)

C6-N1, 3.944(4)

Table 5. Pertinent Intermolecular Contactg/) in 5

[Ni(dmit)2]+-+[Ni(dmit)7]
[Ni(A) ---Ni(B)]

Ni-+Ni, 4.390(2)
Ni---S4, 3.836(2)
S1:--S10, 3.916(2)
S2+-S6, 3.872(2)
S2+-S8, 3.918(2)
S3--S9, 3.581(2)
S4-+-S5, 3.767(2)

[Ni(dmit)2]---verdazyl
[Ni(A) - V(A)]
N¢--Ni, >5
S%-N2, 3.598(4)
S2:N2, 3.716(4)
S2:N4, 3.970(4)

[Ni(dmit)]---verdazyl
[Ni(A) ---V(B)]

S6+-N2, 3.779(4)
S7+N4, 3.510(4)
S7+N3, 3.570(4)
S7+N1, 3.765(4)
S#N2, 3.825(4)

verdazyt--verdazyl
Ne++Nj, >5

Table 6. Pertinent Intermolecular Contactg/) in 6

[Ni(dmit)]-~[Ni(dmit)] [Ni(dmit)]--+[Ni(dmit)]
[Ni(A) -+Ni(B)] [Ni(A) -+Ni(C)]

[Ni(dmit)z]---verdazyl
[Ni(A) - V(A)]

[Ni(dmit)z]---verdazyl

[Ni(A) ---V(B)] verdazyt--verdazyl

Ni--Ni, 4.603(3)
Ni---C2, 3.651(9)
Ni---S4, 3.754(3)
S1:+-S10, 3.826(4)
S2:+-S6, 3.987(6)
S4-+-S5, 3.702(4)
S10--C3, 3.773(9)

Ni+-Ni, 6.516(3)
S%-S8, 3.803(4)
$5-S9, 3.574(3)
$5-S8, 3.747(4)
S9-S9, 3.586(5)

Ni--N4, 3.725(7)
Ni--N3, 3.821(8)
S4-N1, 3.971(7)
S9-N3, 3.836(8)
S10-N2, 3.657(8)
S16-N1, 3.809(8)

S7:+N2, 3.642(8)
S7+N3, 3.682(8)
S7+N1, 3.745(7)
S7--N4, 3.789(7)

M...Nj’ >5

C6-N2, 3.87(1)
S10--C1, 3.91(1)
S10--C2, 3.944(9)

3.765(8) A, respectively. These values just correspond to thethe neighboring nitrogen atoms (NBhaving positive charge
sum (3.73 and 3.83 A) of the ionic radius (2.16 A) of the | are larger than the above distances.

ion and the van der Waals radius (1.57 and 1.67 A) of the Conductivities of Salts 4-7. The room temperature
N2 and C1 atoms, showing close contact between thenl conductivities ¢rr) for salts4—7 are 1.9x 107, 1.8x 1077,
and N2 and C1 atoms, respectively. The increase ofjthe , 7. 1075, and 1.0x 1071 S cnr, respectively, as listed

value in iodide sal8 may be induced by the existence of j, tapje 1. Saltgl—6 are insulators as expected for the 1:1

Zhiggdéde;%nélog the gté}%regagd/ithbe distancﬂ&:_& (:|15+ - q salts. On the other hand, the 1:3 Saltas higher conductivity
-439(6), 4.591(6), and 5.069(6) A) between theohs an than the 1:1 salts. The temperature dependency of the

% resistivity of the 1:3 salt is shown in Figure 6. Under ambient
ﬁ\’ \ (li‘;)f@\%g pressure, the 1:3 saltshows semiconductive behavior with
o

(_i jo)
‘,#)
ﬁgﬁtff;%o 2.4 . . . . . :
o Ni(A) o
o2 22+ o g
i °
4 o2, Ni (B) 2 o° ]
) (0]
#E‘é\i” ?gﬁ‘f 18 [ ° ]
SNE A0
C}/%”\Y%fdg‘iyo o0 1.6 0" ]
\fév © S o°
%@fA g 14 [ 0° .
6300 ¢ =0.10 Scm
1.2 ¢ & Ea=0.10 eV ]
d -
0.8 1 1 1 1 1 1

3 3.5 4 4.5 5 55 6 6.5
1000/ T

+b

Figure 5. Molecular packing in salf, showing the formation of a linear
tetramer [verdazyl catioaNi(dmit); anion (A)>-Ni(dmit), anion (B)-

Figure 6. Temperature dependence of the resistivifydf the 1:3 salf7
verdazyl cation].

at ambient pressure.
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AR Table 7. g value and Peak-to-Peak Line WidthKpp of Salts4—10
(11" [Nitdmiv),) and Related Compounds
M 0.8 7 21 Ni@mio ] 300K 77K
IT; (31" [Ni(dmit),)° ] AHep AHpp
E 0.6 [ mrmiamio) o088 g4 salt gvalue (mT) gvalue (mT)
<
g 207 e 4 20126 249 2.0049 13.8'
> . ] 5 2.0159% 25.1 2.0044 0.869
~ 6 2.0162 21.4 2.0043 0.647
= ° o ° 7
N o b 8 (powder) 2.0048 0.584 2.0048 0.603
8 (in EtOH) 2.0036 aV=057mT
: , 9 (powder) 2.0051 0.854 2.0052  0.910
0 50 100 150 200 250 300 9(in EtOH) 2.0036 aV=0.57mT
K 10 (powder) 2.0061 0.795 2.0060  0.918
) 10(in EtOH) 2.0035 aV=0.57mT
Figure 7. Temperature dependence of the produgT for salts4—7. TOV (powder) 2.0039
TOV (in EtOH) 2.0036 aV=0.56mT
0.006 [n-BuNJ*[Ni(dmit)z]~ 2.0472 7.97 20474  7.94
0.005 Salt (4) a Experimental error-0.0005.° Experimental error-0.0002.¢ Experi-
= o004 B mental error+0.0001.9 The value at 123 K. At temperatures below 123
g | © Epda K, the anisotropic signal due to saltappears, and thg value and line
2 0003 fi?ﬁ;fmi 2k = 250K) width could not be determined.
5} L. . o
\20.002 % ‘ + Curie impurity ( 3.0 %) @
R ) 2.05 : . . 100
0.001 [ % - CEBEORBEEBEEBEBRaE- "
0 b T i 2.04 £ i imio I 180
0 50 100 150 200 250 300 350 [ T
T/K 8203f N 160 %
) ) _— = 8 [ueBu NT Nidmit) 3
Figure 8. Temperature dependence of the magnetic susceptibility of salt > 4 ¢ : A
4. The solid curve is the theoretical susceptibility calculated using eq 2 in @202} * i 1408
ref 33. =
201[ A el 20
. . . A .B--0"
an activation energyHa) of 0.10 eV in the temperature range i R — o
of 165-300 K. 100 150 200 250 300
Magnetic Susceptibilities of Salts 410. Figure 7 shows T/K
a plot of ymT versusT for three kinds of 1:1 salt#(6) and (b)2 o 100
a kind of 1:3 salt 7). The values ofyyT for 4—6 at 300 K i SSSSaNSRRARSRARINAA-T
are 0.323 (0.391 at 350 K), 0.650, and 0.540 K emu/mol, 2.04 b7 (B N INigmioy T 80
respectively. These values are larger than that (0.376 K emu/ O (o) NiGdmit,
mol) for theS = 1/2 free spin system, suggesting that both 52,03 S ] 62%
spins of the verdazyl catiorS(= 1/2) and Ni(dmit) anion gzoz Caleulated _40“3\
(S= 1/2) contribute to the magnetism of sadts6. Theym '
of salt 4 shows a broad maximum &i,.x ~ 360 K (see
Figure 8). The susceptibilities of salt and 6 increase -o:
HAAAATAT

monotonically with decreasing temperature from 300 K, and
no peaks were observed in the susceptibilities. The suscep-
tibility of the 1:3 salt7 showed a behavior similar to that of
the 1:1 salts. The value (0.642 K emu/mol) gfuT at 300
K observed for salf also suggests that both the spins of the
verdazyl cation $= 1/2) and [Ni(dmit}]s~ anion §= 1/2)
contribute to the magnetism of sailt
The susceptibilities of the iodide salés-10 follow the
Curie—Weiss law (see Table 1). The small value of the
negative Weiss constanf = —2.9 K) in salt8 indicates
weak AFM interaction. This agrees with the absence of short
direct distances between the verdazyl moieties in&alt
ESR Measurements of Salts 410. The ESR measure-
ments were carried out in powder samples of saitd0
and jp-BusN]*[Ni(dmit)] ~ in the temperature range of 77
300 K. Theg value and the peak-to-peak line widthHpp)
of the samples at 300 and 77 K are listed in Table 7. 3he
values of the iodide salt§—10 are nearly temperature

©
2.05

2.04

82031
=

> 2.02

T/K

. . . 0
100 150 200 250 300

T T T T
-G EEE-BEEE-BEEG IR EE- -
[0 (31" Nicdmit) )
€ [neBu NI [Ni(dmit), |

2L . . 0
100 150 200 250 300
T/K

Figure 9. Temperature dependence of thealue g(T)) (O) and the line
width (AHp(T)) (2) of the polycrystalline sample of (a) salt (b) salt5,
and (c) salté. The solid line is the theoretic@(T) value calculated by
using eq 4.

small increase with decreasing temperature. §tialue and

independent (see Figure 9), while the line widths show a hyperfine splittinga of the iodide salt8—10 in ethanol
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are similar to each other, and are similar to thase 2.0036
anda¥ = 0.56 mT) of TOV radical. On the other hand, the
gvalues ¢ = 2.0048, 2.0051, and 2.0061) of powder samples
of salts8—10 are larger than that (2.0039) of TOV. The |

ion having a negative charge is located near the verdazyl

ring in salt8, as described above. This negative charge may
affect the increase of thg value of salt8. The [n-BusN]*-
[Ni(dmit),]~ salt exhibits one symmetric broad ling €
2.0472 andAHpp = 7.97 mT) at 300 K. Both theg value

Chart 2
S S J S5 J Sy
Ny Ly
/ O/ O
[ Ni(A)  [NiB)I 11

In such a case, thgy of salt4 may be explained by a
four-spin Heisenberg Hamiltonian

H=—-2),(SS +SS) — 23,55, 1)

and the line width are temperature independent (see Table 7

and Figure 9).

The ESR spectrum of s&tshows a symmetric broad line
with ag value of 2.0162 and a line width of 21.4 mT at 300
K. However, in addition to the broad ESR signal of $lt
a symmetric single lineg(= 2.0045 andAHpp = 1.58 MT)
with a narrow line width which is attributable to the Curie
impurity due to verdazyl radical cation was observed at 300
K. The integrated signal intensity of the Curie impurity was
about 0.6% of that of sai. Theg value and the line width
of salté show notable temperature dependence, as shown i
Figure 9c. Similarly, the saltg} and 5 show a broad
symmetric ESR absorption, and both thesalue and the
line width decrease with decreasing temperature, as show
in Figure 9a,b. On the other hand, the 1:3 salshows
anisotropic absorption with an anomalous line shape at 77
300 K, and we could not determine thevalue of salt7.

Discussion

Magnetic Property of Salt 4. The susceptibility of the
salt shows a maximum at.x~ 360 K, and increases again
below ca. 100 K with decreasing temperature, as shown in
Figure 8. The increase ipv is probably due to the Curie
impurity (3.0%) included in the crystal. Ttgevalue of salt
4 decreases from 2.0126 at 300 K to 2.0049 at 123 K by
lowering the temperature, as shown in Figure 9a. Jhelue
(2.0126) of4 at 300 K is larger than that of verdazyl cation
(gv+ = 2.0036) and smaller than that of Ni({dmignion @
= 2.0472) at 300 K, suggesting that both the spins of the
cation and anion contribute to the magnetism of 4althe
g value (2.0049) oft at 123 K is similar to that (2.0036 in
ethanol) of verdazyl radical cation. The result indicates that
the verdazyl cation spins contribute mainly to gheof salt
4 at 123 K.

The molecular packing of sadtis shown in Figure 3. As
described in a previous section, the Ni(dmi@nion mol-
ecules in saltt form a dimer (Ni(dmit) (A) —Ni(dmit), (B))
with short intradimer contacts of ca. 3:8.7 A, suggesting
strong AFM exchange interaction. However, tag of 4
cannot be explained by a dimer model. In ghlthe dimer
molecules are sandwiched between two verdazyl calipn [
molecules, forming linear tetramed{[ —[Ni(dmit),] = (A)—
[Ni(dmit),]~ (B)—[1]*") (see Figure 3 and Table 4). We can
expect strong exchange interaction between the Ni(dmit)
anions and the verdazyl catiori§ {, because there are many
short contacts between the Nij, &and G atoms in the
Ni(dmit), anions and the Natoms | = 1—4) in the
hydrazidinyl moiety (N:+N2—C7—N3—N4—-C8), having
large unpaired spin densities, of verdazyl catiohs .f?

§=5=5=5=12

where J; is the exchange interaction between an edge
verdazyl cation and a central Ni(dmi@nion andJ; is the
interaction between two central Ni(dmignions. The model

is shown in Chart 2. This Hamiltonian has been solved
exactly by Rubenacker et &P to obtain the energy levels
and magnetic susceptibility. Using eq 2 in ref 33, we have
fitted our data to this model, where, as thealue of salt4,

the average valuegf, = 2.0254) ofgy™ = 2.0036 for the

nverdazyl cation andjni~ = 2.0472 for the Ni(dmit) anion

was used tentatively for the calculation of the susceptibility.
The calculated susceptibility is shown by the solid curve in

nFigure 8, whereycurie due to the Curie impurity (3.0%)

included in the crystal was added to the theoretical suscep-
tibility. The best fit parameters obtained ar&/Rs = —600
K and 2,/kg = —280 K. The 3,/ ks value (280 K) for
the dimer compares well with those-854 and—580 K)
for the Ni(dmity dimer in salts5 and 6, respectively, as
described later.

Magnetic Properties of Salts 5 and 6The susceptibilities
of salts5 and 6 can be reproduced by the sum of the two
contributions, as shown in Figure 10a,b, respectively

XM(T) = XCuri«,LWeiss(T) + XS*T(T) (2)

where the first and second terms represent the contributions
from (i) the Curie-Weiss system and (ii) the singtetriplet
(S—T) equilibrium system (dimer system), respectively.
xs—1(T) is given by eq 3.

%s (1) = (NGug kg D[LE + 2N (3)

The solid curve in Figure 10a is a theoretical curve ((i)
Ccurie= 0.376 (K emu)/mol an® = —0.4 K and (ii) 2a—s/
ks = —354 K) calculated for sal. Similarly, the solid curve
in Figure 10b is a theoretical curve (@Qcuie = 0.376 (K
emu)/mol and® = —0.3 K and (ii) 2a-s’ks = —580 K)
calculated for sal. The results show that the susceptibilities
can be explained approximately by eq 2. The susceptibilities
of salts5 and6 at the low-temperature region are due to the
spins of verdazyl cation®]" and B]*, respectively, because
the Ni(dmit), anions form a dimer in the crystal lattice, as
described below!t1?

Figure 4 shows a projection of the structure of Sadtong
the a axis. The Ni(dmit) anion molecules form a dimer,
Ni(dmit), (A)—Ni(dmit), (B), having short interatomic

(33) Rubenacker, G. V.; Drumheller, J. E.; Emerson, K.; Willet, RJD.
Magn. Magn. Mater1986 54, 1483.
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(a)0 ¢ C—C distances were observed for the NitAYi(B) pair, as
' T listed in Table 6, indicating dimer formation. Further, short

07k Salt (5) o 4 S-S distances were observed for the NiAi(C) pair. In
06 salt 6, the dimer molecules are sandwiched between two
< 0.5 verdazyl cation 3]" molecules, forming a linear tetramer
E o4 ([3]t—[Ni(dmit)2] ~ (A)—[Ni(dmit)2]~ (B)—[3]") (see Figure
iE) 038 o Exp.data 3 5 and Table 6). There are some comparatively short distances
0.2 frrrrCurie - Weiss (0 = 0.4K) ] between the V(A) cation and Ni(A) anion, suggesting
A o b N sk 1 considerable interaction between the verdazyl radical spin
. . ‘ o _ and Ni(dmity anion spin. Therefore, thgy of salt 6 was
0 50 100 150 200 250 300 calculated by using eq 2 (that is, the linear tetramer model)
T/K in ref 33. The best fit parameters obtained aig¢kg = —30
(b)o.g e K and 2J,/ks = —580 K, as shown in Figure 10b. The value
of the exchange interactionJgZks = —30 K) between the
Ni(dmit), anion and verdazy! cation estimated is not so small,
_F‘ but is much smaller than thatJzZks = —580 K) between
5 Ni(dmit), anions A and B. Consequently, the susceptibility
g of salt6 can be explained by a simple dimer model, as a
5 03F o Exp.data ] first-order approximation.
;zoz - Linear Tetramer ] On the other hand, the iNNj contacts i, ] = 1—4)
L @J fky = 30K, 2J Ik, = -580 K) between the nitrogen atoms in the central hydrazidinyl moiety
O TN T ey, (N1—-N2—C7—N3—N4—C8) are larger tha5 A in salts5
00 507700 150 200 250 300 and6, suggesting weak intermolecular exchange interaction
T/IK (Jvt—v+) between verdazyl cation molecules. In fact, the
© susceptibilities of salts and6 below approximately 50 and

100 K can be well described by the Curi@/eiss law with
small Weiss constant®(= —0.4 and—0.3 K), respectively.

The Lorentzian shape of the single ESR absorption line,
which suggests the strong magnetic exchange interaction
between the verdazyl cation and Ni(dmi@nion spins, was
observed for salb. Theym of salt6 was explained by eq 2,
as a first-order approximation. In such a case, the temperature
Curie - Weiss dependence of thg value of salt6 is given by eq £+

+ S-T(20/ky=-258K) ]
o(M =[1 — a(M]gy- + a(Tgy: 4
T/K

Figure 10. Temperature dependence of the prodygT (O) for (a) the W,here, o(T) ,IS th.e fraction of the susceptibility of the
1:1 salt5, (b) the 1:1 sal6, and (c) the 1:3 salf. The solid curve is the Ni(dmit), anion dimer andyy+ andgy;- are theg values of
theoretical susceptibility calculated using eq 2. The dashed curve in (b) is the verdazyl cation and Ni({dmjtnion, respectively.

the theoretical susceptibility calculated using eq 2 in ref 33.

o(T) = yni(T)/ + Ani- 5
contacts of ca. 3:63.8 A, as listed in Table 5. The two dimer (T = 200Dty T) + 20T ©)
units are related by_ an inversion center. The dimers arewherey,+(T) andyni(T) correspond tQrcurie-weiss aNd st
stacked along the axis, and are separated by two verdazyl in eq 2, respectively. As thgvalues of the cation and anion
(A and B) cation molecules. The interdimer distance, that moieties, we used thg values of B]*I~ (gv+ = 2.0035 in
is, the distance between Ni(A) qnd NiOAis 6.693(1) A for ethanol) andf-BusN][Ni(dmit),]~ (gni- = 2.0472), respec-
salt5. The large AFM exchange interactionJi2e/ke= —354  tively. These values are temperature independent. The
K) observed for salts may be explained by the short observedg(T) curve (77 K< T < 300 K) can be well
interplanar distances of Ni(dmitjnolecules in the crystal.  reproduced by the effectivg(T) value calculated by using
The Ni(dmity (A) anion molecule connects with the two eq 4, if we use the relationg,* = ycurie-weiss and yni- =
verdazyl radical cations (V(A) and V(B)) with short inter-  »< ;. as shown in Figure 9¢c. The result suggests that the
molecular contacts. Therefore, we can expect some interac-spins of cation and anion moieties in sélindependently
tion between cation and anion molecules. The difference contribute to the magnetic susceptibility.
between the experimental and theoretical values of the Similarly, theg value of salt5 decreases from 2.0159 at
susceptibility of sal6 above 100 K may be due to such an 300 K to 2.0044 at 77 K by lowering the temperature, as

interaction.

In salt6, the Ni—Ni distances of the Ni(dmit)anions are (34) ggn;lgiwicz, Y.; Taranko, A. R.; Torrance, J.Bhys. Re. Lett. 1976
4.603(3) A for the Ni(A)-Ni(B) pair and 6.516(3) A for  (35) Taianashi M.: Sugano, T.: Kinoshita, Bull. Chem. Soc. Jpi984

the Ni(A)—Ni(C) pair. The short Ni-S, S-S, S-C, and 57, 26.
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Figure 11. Temperature dependence of i) values for salt$ and6.

However, the magnetic properties of the complexes have not
been reported, as far as we know. On the other hand, in the
case of the crystal of (TPP)[Ni(dmi}} (TPP = tetraphen-
ylphosphonium), two of the three Ni(dmitunits form
columns, the remaining unit exists almost perpendicular to
the stack, and the conducting sheets of the Ni(dnaitjons

are separated by layers of large countercat?nghe
susceptibility follows Curie-Weiss law withC = 0.40 (K
emu)/mol and® = 1.6 K. The Curie constant corresponds
to one spin per three Ni(dmjtunits. The result obtained
for salt 7 also suggests the existence of one spin per three
Ni(dmit), units. However, the exchange interactiord/k3

= —258 K) observed is much larger than that in the (TPP)-
[Ni(dmit),]s complex. Crystal structure analysis of salis

shown in Figure 9b. The result shows that both the spins of necessary to discuss the difference in the magnetic properties.

the verdazyl cation and Ni(dmijtianion contribute to the
magnetism of salb at 300 K. Theg value (2.0044) ob at
77 K is similar to that (2.0036 in ethanol) of the verdazyl
radical cation 2]*, indicating that the spins of the verdazyl
cation contribute mainly to they of salt5 at 77 K. As shown
in Figure 9b, the temperature dependence of ghelue
cannot be explained by eq 4, if we use the value k2=

Conducting Properties of Salts 4-7. As described in a
previous section, the three 1:1 sadts6 are insulators, as
expected for the 1:1 complexes. On the other hand, the 1:3
salt7 is a semiconductowkr = 0.10 S cnm?) with activation
energyEa = 0.10 eV. The result indicates that sdlis a
new molecular paramagnetic semiconductor.

Recently, we reported the first example of 1:1 and 1:3

—354 K obtained by the susceptibility measurement. There salts of the Ni(dmit) anion with the 6-oxoverdazyl radical
are two reasons for the inaccordance: (i) we cannot cation [V]" (V = 3-[4-(diethylmethylammonio)phenyl]-1,5-

determine the corred values for salb because the Curie

diphenyl-6-oxoverdazyl radicatf. The yv of the 1:1 salt

impurity signal of the radical cation overlaps the signal of [V] *[Ni(dmit).]~ was explained by the sum of the contribu-
salt 5, and (ii) the value of the exchange interaction tions from (i) a Curie-Weiss system@® = —1.6 K) and (ii)
determined by the susceptibility measurement is not correct,the one-dimensional Heisenberg AFM alternating-chain

because of the interaction between the Ni(dnait)d verdazyl

system with 2a_g/ks = —274 K (alternation parametex

cation molecules. However, the detailed reason is not clear= Ja-c/Ja—s = 0.2). Theyw of the 1:3 salt was also explained

at present.
As shown in Figure 11, the values afT) for salts5 and

by the two-term contributions from (i) the Curi@Veiss
system @ = —5.0 K) and (ii) the dimer system withJ&g

6 are 0.281 and 0.292 at 300 K, respectively. The values = —258 K. The 1:1 and 1:3 salts were a paramagnetic
decrease by lowering the temperature and approach zero atnsulator and semiconductor, respectively. The structural,
77 K, suggesting that the contributions of Ni(dmignion magnetic, and conducting properties of the salts reported are
spins to the susceptibility disappear almost at 77 K in these similar to those obtained in the present work. The magnetic

salts. The AFM exchange interactions between Ni(dmit)
anion molecules are strong for these salts.

Magnetic Property of Salt 7. As described in a previous
section, the value gfuT for the 1:3 sal7 is 0.642 (K emu)/

interactions between the verdazyl radical cations and between
the verdazyl cation and Ni(dmjt)anion observed were
weaker than expected, except for the case o#sdlo obtain

the organic/inorganic hybrid system which shows the fer-

mol at 300 K, and decreases by lowering the temperature,romagnetism (or antiferromagnetism) and superconductivity
as shown in Figure 7. The magnetic behavior is similar to (or metallic conductivity), it is necessary to use the different

that of salt$b and6. As shown in Figure 10, the experimental

types of verdazyl radical cations with smaller molecular size,

curve can be approximately reproduced by the two-term such as 1,5-dimethyl-6-oxo- and 1,5-dimethyl-6-thioxover-

contributions (eq 2) with (i€ = 0.376 (K emu)/mol ané®
= —1.7 Kand (ii) 2/kg = —258 K. The difference between

the experimental and theoretical values of susceptibility may

dazyls, for which we can expect stronger magnetic interac-
tion_13,19,20

be due to the interaction between the verdazyl cation and Summary

[Ni(dmit),]s~ anion spins. We can expect stronger AFM
exchange interaction between the [Ni(daji) anion mol-

In the present work, four magnetic charge-transfer salts
(4—7) of 3-[4-(trimethylammonio)phenyl]-1,5-diphenyl-6-

ecules than that between verdazyl radical cations, as observe@dxoverdazyl radical cation1]") and its mono- and dimethyl

for salts4—6. Therefore, the susceptibility of saltbelow

ca. 30 K is due to the spins of the verdazyl radical cation.

Several kinds of 1:3 complexes (cation)[Ni(drglit)of a
closed-shell cation with Ni(dmi)species have been pre-

derivatives (2]* and B]*) with [Ni(dmit)] - and [Ni(dmity]s~

(36) Verdhuizen, Y. S. J.; Smeets, W. J. J.; Veldman, N.; Spek, A. L;
Faulmann, C.; Auban-Senzier, P.; Jerome, D.; Paulus, P. M.; Haasnoot,
J. G.; Reedijk, Jinorg. Chem.1997, 36, 4930.

pared, and the structural and conducting properties have beei37) Xu, W.; Zhang, D.; Yang, C.; Jin, X.; Li, Y.; Zhu, DSynth. Met.

studied®®63” The complexes show semiconducting and 38)

metallic behavior. The Ni(dmif)units generally form trimers.

2001, 122, 409.
Nakamura, T.; Underhill, A. E.; Coomber, A. T.; Friend, R. H.; Tajima,
H.; Kobayashi, A.; Kobayashi, Hnorg. Chem.1995 34, 870.
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anions (L] *[Ni(dmit),]~ (4), [2]"[Ni(dmit),]~ (5), [3] T[Ni- semiconductor consisting of an open-shell verdazyl radical
(dmit)z]~ (6), and [L]*[Ni(dmit),]s~ (7)) have been prepared, cation and a metal complex anion.

and their structural, magnetic, and conducting properties have
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