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Abstract: Hydrogen-bonded supramolecular cation assemblies of (NH,*/NH,—NH;")(crown ether), where
the crown ether is [12]crown-4, [15]crown-5, or [18]crown-6, were incorporated into electrically conducting
[Ni(dmit),] salts (dmit?>~ = 2-thioxo-1,3-dithiole-4,5-dithiolate). (NH4")([12]crown-4)[Ni(dmit).]s(CH3CN), had
a pyramidal shape, while ionic channels were observed in (NH;)o.8s([15]crown-5)[Ni(dmit),]> and (NH4)o.70-
([18]crown-6)[Ni(dmit),].. Both (NH4)o gs([15]crown-5) and (NH4")o.70([18]crown-6) contained regularly spaced
[Ni(dmit),] stacks formed by N—H---O hydrogen bonding between the oxygen atoms in crown ethers and
the NH4 " ion. NH4* occurred nonstoichiometrically; there were vacant ionic sites in the ionic channels. The
ionic radius of NH4* is larger than the cavity radius of [15]crown-5 and [18]crown-6. Therefore, NH4* ions
could not pass through the cavity and were distributed randomly in the ionic channels. The static disorder
caused the conduction electrons to be randomly localized to the [Ni(dmit),] stacks. Hydrazinium (NH,—
NH3*) formed the supramolecular cations in (NH—NH3")([12]crown-4),[Ni(dmit),]s and (NH2—NH3™)2([15]-
crown-5)3[Ni(dmit).]s, possessing a sandwich and club-sandwich structure, respectively. To the best of our
knowledge, these represent the first hydrazinium—crown ether assemblies to be identified in the solid. In
the supramolecular cations, hydrogen bonding was detected between the ammonium or the amino protons
of NH,—NH;" and the oxygen atoms of crown ethers. The sandwich-type cations coexisted with the [Ni-
(dmit),] dimer stacks. Although the assemblies were typically semiconducting, ferromagnetic interaction
(Weiss temperature = +1 K) was detected in the case of (NH,—NH3™),([15]crown-5)3[Ni(dmit),]s. The (NH,—
NH3M)o.s([18]crown-6)[Ni(dmit)2]. and (NH4™)o.76([18]crown-6)[Ni(dmit),]. crystals were isomorphous. The large
and flexible [18]crown-6 allowed for maintaining the same ionic channel structure through replacement of
the NH4* cation by NH,—NHs*.

Introduction cations, various types of ammonium cations; MH3z™ (R =
Cation-crown ether complexes in the solid are formed H. CHs PhCH, NHp, etc.), have been known to form stable
through cation-binding atomic interactions between cations and @Mmonium-crown ether complexes in the sofidin these .
the oxygen atoms of crown ethers. The complexes’ structuresStructures, the NH*---0 hydrogen-bonding and electrostatic
depend on both the cation radius and the crown ether ring size. intéractions both play an important role in binding the cations
The K* cation fits into the [18]crown-6 cavity, resulting in a  INto the cavity of the crown ethesThe ionic radius of Ni"
typical planar (K)([18]crown-6) structure, while the K-[12]- is the same as that of R(1.48 A), but slightly larger than
crown-4 complex usually assumes a sandwich-typ8) (K2]- that of K+ (1.33 A). The four H atoms in Nkt are arranged in
crown-4) structure. The strongest interaction between crown & tetrahedron around the central N atom. For a crown ether of
ethers and alkali cations occurs between the nucleophilic oxygen@ given ring size, the binding energies associated with &l

atoms in the crown ethers and the catidisaddition to alkali ~ NHa" are similar in solutiorf. The crystal structures of the
inclusion compounds, however, are often quite different. In the
* To whom correspondence should be addressed. Phé@a:11-706-  gqlid, Rb* cation is usually coordinated to the oxygen atoms
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T Research Institute for Electronic Science, Hokkaido University. of crown ethers via isotropic eleCtrQStat'C 'r.‘teraCt'OnSl while
*PRESTO, Japan Science and Technology Corporation. the NH;"+--O hydrogen bonds are aligned with the tetrahedral
ydrog g
§ Graduate School of Science, Hokkaido University. — i
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Scheme 1. Cjz Hydrogen Bond

sites at the lower position of the [18]crown-6 O6-plane (Scheme
1).5 Significant structural differences were observed between
the sandwich-type (RY([12]crown-4) and pyramidal-type
(NHz")([12]crown-4) (Figure l1a and §)The NH;™ ion was
strongly coordinated to two oxygen atoms in [12]crown-4 and
to two CH,CN molecules, resulting in a tetrahedral NH-
(O2)(N2), coordination. By contrast, the isotropic Rimn was
bound equally to eight oxygen atoms in two [12]crown-4
molecules located above and below the cation. Ammonium
cations have the potential to form novel supramolecular cation
assemblies by hydrogen bonding to crown ethers of varying
size.

The two components of the hydrazinium (MH\Hz*) cation,
the basic—NH, group and the cationie-NH3™, form sg- and
sp*-type hydrogen bonds, respectively. The crystal structure of
(NH2—NH3")([18]crown-6)(CIQ~) has been reportedThe
—NHj3* site formed hydrogen bonds to three alternag®xy/gen
sites of [18]crown-6, while the-NH, site formed hydrogen
bonds with two oxygen atoms of CiOand three oxygen atoms
of [18]crown-6 in the solid. This bifunctional molecular
interaction has been utilized to form NMHNH3™ grafted layered
assemblies of transition metal phosph&td$e basic—NH;
site coordinates to transition metal ions, such a& F®In?*,
Co?*, Ni?t, and C@*, while the—NH3" site forms N-H*---O
hydrogen bonds with the phosphates layer.

We introduced supramolecular cation structures as counter-
cations in [Ni(dmit}] salts (dmit~ = 2-thioxo-1,3-dithiole-4,5-
dithiolate)?~1 This approach allows us to design the crystal
structure of [Ni(dmit)] salts with novel electrical and magnetic
properties. In the case of conducting salts, the monovaléat M
(crown ether) units were effective in modulating the-xz
stacking mode and lateral-S5 interaction of the partially
charge-transferred [Ni(dmi)¢ molecule€. The sandwich-type
(K™)([12]crown-4) and planar, disc-shaped™q18]crown-6)
formed the [Ni(dmit)] dimer and trimer molecules, respectively.
Furthermore, the ionic channels, formed by regular arrays of
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Scheme 2. (NH4T/NH2—NH3z")—(crown ethers)—[Ni(dmit);] System
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crown ethers, coexisted with the uniform, highly electrically
conducting [Ni(dmit)] stacks of (Li")ge([15]crown-5)[Ni-
(dmit);]2(H20) and (M")([18]crown-6)[Ni(dmity], (M* = Li T,
Nat, and C¢).1° For monovalent [Ni(dmit)] salts, various types
of supramolecular cations provided a large diversitgef ¥/,
spin configuration according to the [Ni(dmik) anion arrange-
ments!! Recently, we reported the formation of two-leg spin-
ladder chains of [Ni(dmit] ~ anions, induced by the hydrogen-
bonded (anilinium)([18]crown-6) supramolecular structtfre.
This report centers on supramolecular cation structures formed
by the hydrogen bonding of NFf or NH,—NH3™ to [12]crown-
4, [15]crown-5, or [18]crown-6 in [Ni(dmit}-based molecular
conductors (Scheme 2). The hydrogen-bonding cations regulate
the [Ni(dmit)] configuration of electrically conducting salts.
The structural, transport, and magnetic properties of five new
salts, (NH "o g[15]crown-5)[Ni(dmit)]> (1), (NHz")o.7o[18]-
crown-6)[Ni(dmity]> (2), (NHx—NHz")([12]crown-4}[Ni(d-
mit)2]4 (3), (NHz—NH3™)2([15]crown-5%[Ni(dmit),]s (4), and
(NH2—NH3™)0.g([18]crown-6)[Ni(dmity], (5), are compared
with those of (NH1)([12]crown-4)[Ni(dmit)]3(CH3CN), (6),
whose crystal structure and electrical properties were already
reported® and with those of the newly synthesized insulating
salt (NH—NH3")([18]crown-6)[Ni(dmity] (7). High electrical
conductivity was observed in salts-6, while the semiconduct-
ing salt4 showed ferromagnetic interaction between the [Ni-
(dmit);] molecules. Here we discuss the structural properties
of the hydrogen-bonded supramolecular cations and the [Ni-
(dmit),] configurations in terms of hydrogen-bonding geom-
etries, intermolecular transfer integrals<(10~2 eV), electrical
conductivities, and magnetic susceptibilities.

Experimental Section

Preparation of [Ni(dmit) ;] Salts. Table 1 summarizes the crystal
stoichiometry, shape, crystallization method, and solvent data for salts
1-7. The precursor monovalent-Bu,N)[Ni(dmit),] salt was prepared
according to the literaturé.The crystals of salts—6 were grown using
the standard electrocrystallization method irtkshape cell£18 mL).
The supporting electrolytes (NH)(BF;~) and (NH—NH3")(BF,~) were
recrystallized from CBCN or H,O, and then dried in a vacuum. The
electrocrystallization solvents GEIN and CHCN—acetone (1:1) were
distilled prior to use. A constant current (4A) was applied to the
platinum electrodes (1 mm) for 2 weeks at room temperature. The
stoichiometry of crystal§—4 was determined by X-ray structural and
elemental analyses. Sdtwas obtained in polycrystalline form; thus
the stoichiometry of (Nb-NH3")og([18]crown-6)[Ni(dmity]. was
determined using elemental analysis4€sN1.606S:0Ni» found C,
23.79; H, 2.27; N, 1.99; calc C, 24.15; H, 2.35; N, 1.88). The
monovalent salt, (Nk-NH3")([18]crown-6)[Ni(dmit)] (7), was pre-
pared in CHCN applying the diffusion method ta{BusN)[Ni(dmit)2]
and (NH—NHz")(BF4).

(12) Nishihara, S.; Akutagawa, T.; Hasegawa, T.; Nakamur&h&m. Commun
2002 408.
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Table 1. Crystal Stoichiometry, Shape, and Crystallization Solvent Data of Salts 1-7
entry stoichiometry shape method solvent
1 (NH4M)o.8d[15]crown-5)[Ni(dmit)]» needle electrocrystallization GBN
2 (NH4M)o.7o[18]crown-6)[Ni(dmit)]» needle electrocrystallization GBN—acetoné
3 (NH2—NH3)([12]crown-4}[Ni(dmit)]4 plate electrocrystallization GiEN
4 (NH2—NH3z")2([15]crown-5%[Ni(dmit)2]e plate electrocrystallization GIEN
5 (NHz—NHzM)o.g([18]crown-6)[Ni(dmit)] - plate electrocrystallization GIEN
62 (NHz")([12]crown-4)[Ni(dmit)] 3(CH3CN), plate electrocrystallization GIEN
7 (NH2—NHz")([18]crown-6)[Ni(dmity] block diffusion CHCN
aReference 6 CHsCN:acetone= 1:1. ¢ Stoichiometry based on elemental analysis.
Table 2. Crystallographic Data of Salts 1-4 and 7
1 2 3 4 7
formula G2H24No.90s Ca4H27No 706 Ca0H19NO4 Cs3H3sN2075 CigH20N206
SaoNiz SpoNiz SpoNiz SaoNi3 St1oNi
fw 1139.27 1179.77 1095.55 1717.70 748.80
crystal system monoclinic monoclinic orthorhombic _ triclinic _ triclinic
space group P2; (No. 4) P2:/n (No. 14) P2;2:2 (No. 18) P1(No. 2) P1 (No. 2)
crystal size, mrh 0.5x 0.1x 0.05 0.6x 0.05x 0.05 0.7x 0.2x 0.1 0.6x 0.2x 0.1 0.7x 0.3x 0.1
a, 4.3997(1) 4.5583(6) 11.5998(9) 8.127(1) 10.4795(9)
b, A 21.6237(8) 11.318(1) 41.943(3) 16.9556(3) 12.6141(9)
c, A 21.4816(8) 42.825(6) 7.8620(4) 21.9281(9) 12.714(1)
o, deg 89.531(1) 68.2(2)
B, deg 92.488(1) 92.11(1) 86.901(2) 82.791(4)
y, deg 79.845(3) 80.221(3)
v, A3 2041.8(1) 2207.8(4) 3825.1(4) 2970.0(3) 1534.1(1)
z 2 2 4 2
Dealo g cn 3 1.852 1.800 1.931 1.920 1.610
temperature, K 296 296 296 100 296
u, et 19.81 18.37 21.11 20.44 13.49
no. of reflections 4776 5954 4107 12730 14231
measured
no. of independent 4764 5081 4081 10185 6918
reflections
no. of reflections 2638 2682 2225 8275 5229
used
R 0.046 0.058 0.038 0.050 0.039
Ra? 0.086 0.075 0.066 0.077 0.037
GOF 1.07 1.16 1.16 0.86 1.28

AR = 3 ||Fol — IFdll/3|Fol andRy = [Y(w(Fo? — FAA)/ Y w(Fe?) 2

Crystal Structure Determination. Crystallographic data (Table 2) Design Model MPMS-5) for polycrystalline samples. The applied
were collected by a Rigaku AFC-5R or Raxis-Rapid diffractometer magnetic field wa 1 T for all measurements.
using Mo Ko (A = 0.71073 A) radiation from a graphite monochro- Calculation of Transfer Integrals. The transfer integrals)(were
mator. Structure refinements were performed by the full-matrix least- calculated within the tight-binding approximation using the extended
squares method of 2 Calculations were performed using Crystal Hiickel molecular orbital method. The LUMO of the [Ni(dmit)
Structure software packag€$arameters were refined using anisotropic - molecule was used as the basis funcifofihe semiempirical parameters
temperature factors except for the [15]crown-5 in shland the for Slater-type atomic orbitals were taken from ref 15. Thealue
hydrogen atom. The large thermal motion of [15]crown-5 in dalt  between each pair of molecules was assumed to be proportional to the
prevented the application of anisotropic thermal parameters. [15]crown- overlap integral §) via the equatiort = —10S eV.
5 was assumed to have a disordered configuration in4sakthose
hydrogen atoms were not excluded from the refinements. Thg-NH
NHs" cation exhibited orientational disorder in sdjtthe occupancy
factors of two orientations were determined to be 0.7 and 0.3 per crown
ether. The refined occupancy factor for the NHon in salts1 and2 (NH4M)o.7d[18]crown-6)[Ni(dmitp]. (2) were composed of
was found to be 0.88 and 0.70, respectively. cationic (NH;")x(crown ether) supramolecules and fractionally

Electrical Conductivity. The temperature-dependent electrical charged [Ni(dmit)] ® molecules. The degree of charge transfer
conductivity was measured by the dc four-probe method along the long () on each [Ni(dmit)] molecule in salts and2 was 0.44 and
axis of the crystal. The stacking direction of the [Ni(dnjitholecules g 35 electrons, respectively. The supramolecular cation formed
was alignedhwith the long axis of the crystal. Elt_ectrical contacts were jynic channels, in stark contrast to the pyramidal structure of
prepared using gold paste to attachudf ¢ gold wires to the crystals (NH)([L2]crown-4y[Ni(dmit);]{ CHsCN), (). Replacing the

(Tokuriki 8560). 4 A ; ;

Magnetic Susceptibility. The temperature-dependent magnetic NH,™ with THZ NH; ylelded, the_6|ecmca”y conductlng salts
susceptibility was measured by a SQUID magnetometer (Quantum (NH>—NHs )([1?]Crolwn'4)3[N'(dm't)2]4 (3), (NH2—NH3"),-
([15]crown-5)[Ni(dmit),]s (4), and (NH—NHz")o s([18]crown-

6)[Ni(dmit)2]2 (5). The crystal structures of saBsand4 differed

Results and Discussion

Crystals of (NH™1)osg[15]crown-5)[Ni(dmitp], (1) and

(13) Steinmecke, G.; Sieler, H. J.; Krimes, R.; Hoyer,ARosphorus Sulfur
1979 7, 49.

(14) Crystal Structure: Single-crystal structure analysis software. Ver. 1.0, 2000.
Rigaku Corporation and Molecular Structure Corporation. For ortep (15) Mori, T.; Kobayashi, A.; Sasaki, Y.; Kobayashi, H.; Saito, G.; Inokuchi,
drawing: Farrugia, L. JJ. Appl. Crystallogr.1997, 32, 565. H. Bull. Chem. Soc. Jpr1984 57, 627.
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Table 3. Hydrogen-Bonding Parameters of Salts 1—-4, 6, and 7

entry ammonium N-H*-0, A amine N-H-0, A NH,=S or N-N, A

1 01-N1= 3.22(4), 01-N1 = 3.29(4)
02—N1 = 3.85(3), 02-N1 = 2.96(3)
03-N1= 3.15(4), 03-N1 = 3.35(4)
04—N1 = 3.40(4), 04-N1 = 3.26(4)
05-N1 = 3.50(3), 05-N1 = 3.14(3)

2 01-N1=3.15(2), O:-N1 = 2.91(1) NEN1 = 2.30(3)
02-N1=2.99(1), 02-N1 = 3.06(1) NE-N1=2.38(3)
03-N1=3.08(1), 03-N1 = 2.89(1)

3 01-N1 = 3.24(2) O1-N2 = 3.10(2) S13-N2 = 3.579(7)
02—-N1=3.12(2) 02-N2 = 3.46(2)
03-N1=23.01(2) 04-N2 = 3.67(2)
04—N1 = 2.88(1)

4 01-N1 = 2.825(9), 06-N4 = 2.77(2) 04-N2 = 2.89(1) S28-N3 = 3.16(1)
02—N1=2.855(8), OF~N4 = 2.94(2) 06-N3=3.04(2) S28-N2 = 3.66(1)
03-N1 = 3.343(9), 08-N4 = 2.55(2) O7-N3=3.16(2)
04—N1 = 3.13(1), 09-N4 = 2.55(2) 08-N3 = 3.24(2)

O5—N1=2.755(8), 016-N4 = 2.60(2)

6 01-N1=2.92(1) NEN2 = 3.02(2)
02—N1 = 2.85(1)

7 01-N1 = 2.89(1) SEN2 = 3.71(6) SEN2 = 3.70(6)

02-N1=2.99(2)
03-N1=2.833(3)
04-N1=2.93(2)
05-N1=2.87(2)
06-N1=2.91(2)

S2-N2=3.83(8) S2-N2 = 3.82(8)

SN2 =3.86(4)

Figure 1. Supramolecular cation structures of {M[12]crown-4). (a)
Sandwich cation structure in (RJ{[12]crown-4}[Ni(dmit)]4. (b) Pyramidal
(NHz")([12]crown-4)(CHCN), structure in sal. (c) Sandwich (NH—
NHz")([12]crown-4} structure in sal8, viewed parallel (above) and normal
(below) to the [12]crown-4 plane. The dashed lines show the effective
hydrogen-bonding interactions.

from those of salt§ and1, while salt5 was isomorphous with
salt 2 with respect to lattice parameter. Thheon each [Ni-
(dmit);] molecule for salts3, 4, and5 is 0.25, 0.33, and 0.4.

Supramolecular Cation Structures. The (NH;")(crown
ether) cations in saltsl and 2 were ionic channel type
supramolecules of [(Nit)o.sg[15]crown-5)1, and [(NHs)o.700
([18]crown-6)},, respectively. As reported previouslythe
supramolecular cation in s&@thad a pyramidal structure, and
the NH,™ ion was strongly coordinated to two oxygen atoms
of [12]crown-4 (N:-O1 = 2.85(1) A). The other N+0O2
distance of 2.92(1) A was roughly 0.1 A longer than the-N1
O1 distance (Figure 1b). The NH ion is tetrahedrally
coordinated to the nitrogen atoms of two ¢HN molecules
and (01). The N1-N2 distance was 3.02(2) A. Although the
ionic radius of NH™ is the same as that of Rpthe configu-
ration of [12]crown-4 molecules around the Rbn was notably
different (Figure 1a). The hydrogen-bonding parameters are
tabulated in Table 3.

8906 J. AM. CHEM. SOC. = VOL. 124, NO. 30, 2002

(NH;—NH3%)([12]crown-4),. The supramolecular cations in

salt3 resemble the sandwich-type structures of j{flL2]crown-

4), in the (M")([12]crown-4)[Ni(dmit);]4 salts (M = Na,

K*, and RbB). The rodlike NH—NH3* cation was sandwiched
by two [12]crown-4 molecules (Figure 1c). The mean oxygen
plane of two [12]crown-4 molecules in s&tformed an angle

6 = 49.7°, which was larger than those for (Ng[12]crown-

4), (6 = 0°), (KM)([12]crown-4) (0 = 29.5’), and (RB)([12]-
crown-4) (0 = 35.1°).% The increase in cation size from Rb
to NH—NH3* enhanced the distortion angle of the sandwich
coordination. The inclusion ability of crown ethers is considered
to be much higher at the cationieNH3™ site than at the neutral
—NH; site! The NH;™ site is located at the center of the ([12]-
crown-4)» sandwich unit.

N—H*---O type hydrogen bonds between eight oxygen atoms
of [12]crown-4 and the Nkt site were observed. The N4
distance of 2.88(1) A is within the range of the standardN
hydrogen bond distance (2.87 &) The second shortest was
the O3-N1 distance (3.01(2) A). Two N1O4 hydrogen bonds
mainly connect the Nkt moiety between two [12]crown-4. In
addition, a weak atomic interaction between the amino protons
and the oxygen atoms of [12]crown-4 was observed at & N2
01 distance of 3.10(2) A.

[(NH 41)0.8¢[15]crown-5)].. lonic channels were observed
through the regular stacks of (NF) gg[15]crown-5) in saltl.
Figure 2a shows the ionic channel structure of daliewed
parallel and perpendicular to the [15]crown-5 plane. Because
the ionic radius of Ni#* (1.46 A) is larger than the cavity radius
of [15]crown-5, NH;* ions are located at the inversion centers
between two [15]crown-5 planes. The distance betweeg™NH
and the mean O5-plane of [15]crown-5 is 2.341 A. {dkbn
is coordinated to 10 oxygen atoms in two [15]crown-5, one
located above, one below. The average® hydrogen bond
length of 3.31 A is, however, significantly larger than the
standard N-O hydrogen bond length (2.87 Aj.This type of

(16) Jeffrey, G. A. InAn Introduction to Hydrogen Bondingruhlar, D. G.,
Ed.; Oxford University Press: New York, 1997.
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Figure 2. Supramolecular cation structures in saltsand 4. (a) lonic
channels through uniform (Nfi)o sg{[15]crown-5) stacks in salt. (b) Club-
sandwich (NH—NH3")2([15]crown-5) structure in sal4. Orientational
disorder is observed in the central [15]crowBfand NH—NHz" (N1—
N2 and N3-N4).

ionic channel structure has been observed in the )(s§18]-
crown-6)[Ni(dmit)], salt, in which C$ ions were located
between two [18]crown-6 planes. The ionic channels of kalt

Figure 3. Supramolecular cation structures in s&fs, and7. (a) lonic
channels through (N¥)o #[18]crown-6) stacks in saR. Two NH,* sites
(=1 and—2) are related via the inversion center. (b) (NHNH3")([18]-

had vacant ionic sites within the channel, whose occupancy crown-6) structure in salf (below) and predicted ionic channel structure
factor was 0.88. X-ray diffuse scattering at 100 K detected no of (NHz—NHz")og([18]crown-6) in salt5 (above).

superstructure associated with a periodic arrangement gf NH
suggesting a random distribution of the NHons.
(NH2—NH31),([15]crown-5)s. The cation (NH—NHz1)([15]-
crown-5% in salt4 had a club-sandwich structure. A similar
structure was observed for (§s([18]crown-6}.17 The crys-

distance between the O6-planes of [18]crown-6 alongthgis
was 4.21 A. The Li ion in the isostructural salt (It)([18]-
crown-6)[Ni(dmit)], had a motional freedom through the [18]-
crown-6 cavity!% Replacing Li- with Na™ or Cs" changed the

tallographically asymmetric cation structure was composed of System from a dynamic to a static disordered state. The ionic

one NH—NH3™, one [15]crown-5A unit, and one-half of a

[15]crown-5B unit (Figure 2b). Because of the inversion center

located on the [15]crown-B, moleculeB had two orientations.
The molecular planea andB formed an angle of 52 resulting

in a largely deformed club-sandwich cation structure. Orienta-

tional disorder of the Ni—NH3™ cation was observed in the
form of N1-N2 and N3-N4 configurations, with occupancy
factors of 0.7 and 0.3, respectively. In the N2 orientation,
the three N-O hydrogen bond lengths NID1 = 2.825(9), NI~
02=2.855(8), and N+ O3 = 2.755(8) A were all shorter than
the standard NH*---:O hydrogen bond lengt¥.In addition,

channels of sal2 contained vacant ionic sites; the channels’
occupancy factor was 0.70. Because the ionic radius of NH
is larger than that of N3 it can be safely concluded that the
two disordered NH' sites in sal2 had a static character.
[(NH2—NH3")0 8o[18]crown-6)].. We predict the (NH—
NH3™)([18]crown-6) cation’s crystal structure in s&lton the
basis of salf7, and its stacking structure on the basis of alt
The lattice parameters of sél{a=4.42,b=11.42,c = 42.95
A, B =89.%) were virtually the same as those of saltence,
we assumed sab crystals to be isomorphous with those of
salt2. The electrical conductivity and magnetic susceptibility

an N2-04 interaction between the amino proton and an oxygen measurements were consistent with the assumed structure (see
atom was observed at a distance of 2.89(1) A. The disorderedPelow). Figure 3b shows the cation structure of @N#iIH5")-
B molecule was observed to be tightly coordinated to the ([18]crown-6) in salt7. As expected, the-NHs" site was

—NHs" site in the N3-N4 orientation. The N-O distances in
the B molecule were shorter than the standard @ hydrogen
bond length. Three Ni-O interactions occurred between the

coordinated to six oxygen atoms of [18]crown-6 with an average
N—O distance of 2.90 A, well in the range of the standard;\N\H
--O hydrogen-bonding distané&The N1 and N2 atoms were

N3 and the 06, 07, and 08 atoms at 3.04(2), 3.16(2), and 3.24-located 0.83 and 2.26 A above the measp@ne of [18]crown-
(2) A, respectively. The ammonium N1 and N4 sites were 6, respectively. The-NHs" site in salt7 penetrated much further

located 1.798 and 1.671 A above the [15]crowr5and B
planes, respectively.

[(NH4M)o.7d[18]crown-6)]. The ionic channel structure
through the regular stack of (NFH)o.7¢[18]crown-6) in salt2
was oriented along the-axis (Figure 3a). Two Nk sites

into the cavity of [18]crown-6 than that in s&dt The N1-N2
bond was almost normal to the mean O6-plane of [18]crown-6
(91.75).

The local hydrogen-bonding structure of (BHNH3")([18]-
crown-6) was expected to be the same as that inSalhe

located 1.15 A above and below the mean O6-plane of [18]- lattice parameters of salsand5 along thea-axis were 4.56

crown-6 were related via an inversion center. The nearestand 4.42 A, respectively, which suggests a similar stacking
neighboring N-N distances of 2.30(3) and 2.38(3) A were too  distance for the [18]crown-6 planes along this axis. The ionic
short to occupy these ionic sites simultaneously. The averagechannel structure of saft can be assumed to be as illustrated
N—O hydrogen-bonding distance of 3.03 A was longer than in Figure 3b, with an interplanar distance of 4.2 A. The distance

the standard NH*---O hydrogen bond® The mean interplanar between the-NH site and upper mean O6-plane of [18]crown-
6 was estimated to be 2 A, that is, long enough to allow the

(NH,—NH31)([18]crown-6) stacking structure along theaxis.

(17) Vidal, J. L.; Schoening, R. C.; Troup, J. Morg. Chem 1981, 20, 227.
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Figure 4. Crystal structures of salts and2. Unit cell of salts1 (a) and2 (b), as viewed along tha-axis.

Table 4. Transfer Integrals ¢ for [Ni(dmit),] Configuration?

transfer integral
(102 eV) 1 2 3 4

ta(t1) 12.66 12.27 —18.74 —16.42 (14.70)
o (t2') 1.21 —0.83 4.70 —0.19 (0.73)
t3(t3") -0.5 0.25 1.4 —0.73 (-0.06)
ta(ts'): 1.05 0.24 (0.72)
ts (ts') 1.82 0.42 (0.20)
te (ts") 1.24 0.34 (0.10)

aTransfer integrals were calculated from the LUMO of [Ni(dajign
the basis of the extended Ekel calculation{= —10SeV; Sis the overlap
integral).

On the basis of the stoichiometry of (NHNH3™)o g([18]crown-
6)[Ni(dmit),]2, there should be vacant ionic sites in the ionic
channel.

[Ni(dmit) 5] Configurations. The electrical conductivity

properties are directly related to the molecular interaction modes

of [Ni(dmit);] molecules in the crystals. We predict the [Ni-
(dmit),] configuration on the basis of the transfer integrals (
1072 eV). Table 4 tabulates the transfer integrals for shid.

Salt6 crystals were composed of nonuniform trimer stacks

of [Ni(dmit),] =033 which in turn formed the layered structure
through lateral S S contact$.The (NH;")([12]crown-4) cations

(a)

(b)

Figure 5. [Ni(dmit),] arrangements and band structures of shitg) and
2 (b); the intermolecular interactions in [Ni(dmi})stacks viewed along
the long axis.

Furthermore, the interstack interaction € —0.5) observed
between the [Ni(dmit] ladders along thel(+ c)-direction is

were located in the interlayer spaces between the electrically quite weak. The three-dimensional molecular interactions along

conducting [Ni(dmit})] layers.

The crystal structures of saltsand2 were isomorphous with
(LiM)o.6([15]crown-5)[Ni(dmit)]2(H20) and (Li")x([18]crown-
6)[Ni(dmit)y],, respectively’® The [Ni(dmit),] formed regular
stacks along the-axis, that is, parallel to the ionic channel
structures in saltd and 2. The difference in ionic channel
diameter between [(NH)o sg[15]crown-5)], and [(NH;)o.70-
([18]crown-6)}, was reflected by the different packing arrange-
ments of [Ni(dmit}] stacks and ionic channels. Figure 4a and
b shows the unit cell of salts and 2, respectively, as viewed
along thea-axis. In saltl, two uniform [Ni(dmit),] stacks
interacted via the lateral-SS contacts along thie-axis, forming
the two-leg ladder structure. By contrast, infinite lateralS
contacts were observed in s&talong theb-axis. The ionic
channel of saltl was surrounded by four [Ni(dmif) ladders,
while that of salt2 lied in theab-plane.

The intrastack interactions along theaxis in saltsl and2
fell within the same order of magnitude; = 12.7 and 12.27,
respectively. The lateral interactioz £1.21) along thé-axis
of salt1 is ca. 10 times smaller than that along thaxis.

8908 J. AM. CHEM. SOC. = VOL. 124, NO. 30, 2002

thea-, b-, and p + c)-axes observed in sdltwere insufficient

to increase the dimensionality of the electronic structure. The
lateral interstack interactions;(= —0.83,t3 = 0.25) in salt2

are quite weak, and also insulfficient to increase the electronic
dimensionality. An alternate arrangement of [Ni(d@jitayers

and ionic channels along tleeaxis completely suppresses the
interlayer interaction of [Ni(dmit] along thisc-axis (Figure

5).

The replacement of NIt by NH,—NH3* in salt 3 trans-
formed the supramolecular cationic structure from the pyramidal
to the sandwich structure, which in turn altered the [Ni(dghit)
stacking structure from nonuniform trimers to dimer stacks. Two
kinds of [Ni(dmit)] (A andB) were present in saB. Figure
6a and b shows the unit cell of s@tviewed along thes- and
b-axes, respectively. Sa&tcrystals were virtually isomorphous
with (M*1)([12]crown-4)[Ni(dmit),], (MT = Nat, K*, and
Rb").6 The [Ni(dmit)] stacks were arranged along theaxis
through lateral SS interactions, forming an electrically con-
ducting [Ni(dmity] layer within the ac-plane. The supramo-
lecular cations were located in the interlayer spaces. The S13
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Figure 6. Crystal structure of saR. Unit cell viewed along the-axis (a) / o t5 Eo [/;LF” C
and along theb-axis (b). A andB correspond to the crystallographically @ B @-gﬁ,uyu t6 [fl 16 @;; \1
asymmetric [Ni(dmit)] species. Intermolecular interaction modes indlee \395933 @——6&3 j?@% C
plane, along with transfer integrals{ts) are shown. o

. . . Figure 7. Crystal structure of salt. Unit cell viewed along the-axis (a)
terminal sulfur and the N2 amino proton interacted weakly at a and along thé-axis (b).A, B, andC are crystallographically asymmetric

distance of 3.579(7) A [Ni(dmit),] species. The intermolecular interaction mode in #ueplane
The A—B dimers, the fundamental structural units within the and transfer integrald:(-t¢') are illustrated.

stacks, are StaCKEd,along tt@XIS. The intradimer |nt§ractlpn Table 5. Electrical Conductivities at Room Temperature (orr),

A—B (. = —18.74) is ca. 4 times stronger than the interdimer Activation Energy (£.), and Magnetic Behavior of Salts 1—6

mteractlon > = 4.70). The lateral SS interactions of the [Ni- o E, magnetic magnetic

(dmit),] stacks along the&+ ¢ (t3 = 1.4 andts = 1.8) and enty  Scm- eV behavior® parameter®

—2a + c (t; = 1.1 andts = 1.2) directions are considerably

i g : . 1 16.0 0.026  DAH y=0.35
weak as compared to the intrastack interactions (Figure 6b). 2 3.0 0.02 DAH y=0.18
The club-sandwich structure of the (BMHNH3™)5([15]crown- 3 02 020 Curie C=037

5); cation yielded [Ni(dmit)] dimer stacks. The substitution of i 05 0.20 CurieWeiss  C=0756=-+1K)
)3 cation y : _ : : 5 350 002  DAH y=0.20
NH,* with the only slightly different NH—NH3" ion clearly 6 0.14  0.140 Curie C=0.31

induced a significant change in the [Ni(dm]tronfiguration. . sard 1 be d - .
; ; ; _ 2 Measure y the standard four-probe dc methddAH is the
Figure 7a and b shows the salunit cell viewed along the disordered Heisenberg antiferromagnetic model, which is fittegqly

andb-axes, respectively. Three kinds of [Ni(dn]t}A, B, and 1T, Parameter€, y, and@ are the Curie constang,in DAH equation,
C) were observed in sa#t. The [Ni(dmit)] stacks lied along and Weiss temperature, respectivélRetermined at the temperature range

thea-axis bound together via lateratS contacts, forming the ~ aPove 100 K.
layered [Ni(dmit}] structure within theac-plane. The supramo-  calculation yielded similar one-dimensional electronic structures
lecular cations were located within the interlayer spaces, for saltsl and2. We first discuss the electrical and magnetic
exhibiting two weak interactions between the S28 terminal sulfur properties of these two salts, as well as Salthich is expected
and the N2 and N3 amino protons, at 3.66(1) and 3.16(7) A, to have the same [Ni(dmif)stacking structure as salt Table
respectively. 5 summarizes electrical conductivities at room temperatie (
The [Ni(dmit)] layers were composed of two kinds of stacks, S cnT?), activation energyH, eV), and magnetic behavior of
—(A—B)— and—(C—C)—, both oriented along the-axis. The salts1—6.
fundamentalA—B (t; = —16.4) andC—C (i’ = 14.7) dimer The room-temperature electrical conductivities of satg,
units have strong intradimer interactions. In both stacks, the and5 were 16.0, 3.0, and 35.0 S cf respectively. Figure 8a
interdimer interaction, = —0.19 and,’ = 0.73 are consider-  shows the temperature-dependent electrical resistivities normal-
ably smaller than the intradimer interactions. Eight kinds of ized by the room-temperature valuggogook). The inset is an
weak lateral SS interactions witlt values of less than about  expansion in the temperature range from 150 to 300 K. In
1 were observed along th@ 3 c (3, ts, t4', andts’) and 3 — contrast to our expectations, resistivity measurements revealed
c (4, ts, t3', andts) directions within theac-plane. The electronic saltsl, 2, and5 to possess semiconducting, rather than metallic,
state of salt was predominated by the two kinds of isolated properties. The activation energies of sdlf2, and5 above
[Ni(dmit),] dimers. 100 K are rather low: 0.026, 0.020, and 0.020 eV, respectively.
Because it is isomorphous with s@ltsalt5 was expected to A resistivity hump was detected for s&liat around 50 K. The
have the same [Ni(dmif) stacking structure and one-dimen- preliminary study detected a dielectric anomaly at that temper-
sional electronic structure as those of salt ature. High electrical conductivity, however, prevented precise
Electrical Conductivity and Magnetic Susceptibility. The evaluation of the dielectric properties of salt8
electrical and magnetic properties were mainly determined by  Figure 8b shows the temperature-dependent molar magnetic
the [Ni(dmit),] configuration in the crystals. The transfer integral susceptibility fmo) of salts1, 2, and5. yme Was observed to

J. AM. CHEM. SOC. = VOL. 124, NO. 30, 2002 8909
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Figure 8. Electrical and magnetic behavior of salts 2, and 5. (a) E ]
Temperature-dependent electrical resistivity normalized with respect to the £ oF 3
values at 300 K d/pso0x). The inset is an expansion in the temperature o ]
range from 150 to 300 K. (b) Temperature-dependent magnetic susceptibility -1F 3
(xm) of salts1 (O), 2 (@), and5 (A). Dashed lines are the fits obtained e E
through the disordered Heisenberg antiferromagnetic model (see text). ) T T T T
-4 -2 0 2 4
increase monotonically with decreasing temperature below 200 HIT

K. The magnetic behavior suggested by these data did not agreeFi we 9. Electrical and magnetic behavior of salls 4, and 6. (a)
with the metallic el?Ctr_omC state. In the previous SeCF'on' we qugarithmic resistivity (Iogo/Q%m) vs inverse of temperaiur§(1/K*1).
established the static disorder of hHand NH—NH3" cations (b) %moiT vs T plots for salts3, 4, and 6. Solid line in salt4 represents

in the ionic channel. The NH and NH—NHs5* ions in salts results predicted by the CuridVeiss law. (c) MagnetizationM, us) vs

1, 2, and 5 are nonstoichiometric and randomly distributed Magnetic field &) for salt4 at 2 K.

between the ionic sites. The static disorders of the cation species ) . .

should have influenced the conduction electrons on the evenlythe conclusion that ;alﬂs_ 2, ands were in the sem|conducitor
spaced [Ni(dmit)] stacks, especially for those with a one- be‘?aus“f of the. St‘fﬂ'c disorder of the NHand NH—NH;
dimensional electronic structure. Thus, we employed the cations in their ionic chapnels. e )
disordered antiferromagnetic Heisenberg model to account for Salts3 and4 had nonunlfo.rm [N'(dm'@] dimer stacks, which
the temperature-dependent magnetic susceptibilitiebhe were _expected to_ t_)_e semiconducting. The room-temperature
model is based on a probability distribution of the magnetic elefzncal con(_jucnwngs of salts and 4 were 0'_2 an_d 055
exchange energy in random magnetic interaction and uses a cm™, respectively. Figure 9a shows the logarithmic plots of

canonical transformation to reduce the temperature dependencées'st'my VErsus the inverse of tgmperature (‘?917 for salts
0f mol 10 %mo [ LY. Thezmo—T behavior of saltd, 2, and 3 and4, along with sal6. The activation energies of salis4,

5 could be fitted via this model using= 0.35, 0.18, and 0.20, andé were 0'2’_0'2’ an_d 0.14 eV (> 200 K), respectively, 1
respectively. order_of magnltuqle hlgher than those of_saltsz, and 5.

The random distribution of the Nff and NH—NHs* within Electrical condu_ctlon in salt_s and4 predominantly occurred
the ionic channels generated a static random potential field in bY the_rmally gctlvgted hopping Processes between the strongly
the crystal lattice, which acted as a pinning potential for dimerized [Ni(dmity] stacks. Lowering the temperature com-

conduction electrons within the one-dimensional [Ni(dphit) plet_ely_ localized the c_ond_uction (_electron_s_ lacking th_ermal
electronic structuré® This localized the spins on the [Ni(dmi) excitation to_the [N|(o!m|t;)] sites, which exhibited a localized
stacks despite the high electrical conductivities. The randomly Magnetic spin behavior. _ _ _
occupied spins on regular [Ni(dmi) stacks induced the Am \_/alues mcreaseql monotonically with decreasing temper-
probability distribution of magnetic interactial leading us to ature in salts and4. Figure gp shows th?f,“"'-l,— versqu plots

of salts3, 4, and6. On the basis of the stoichiometries of these

(18) Akutagawa, T., unpublished results. salts, we expected orgg= 1/, spin per formula unit for salt3
(19) (a) Theodorou, G.; Cohen, M. HPhys. Re. Lett 1976 37, 1014. (b) —1 ; ;
Theodorou, GPhys. Re. B 1977 16, 2273, and6 and twoS = Y/, spins per formula unit for saft. In salts

(20) Mott, N. F.Metal-Insulator Transition 2nd ed.; Taylor & Francis: 1990. 3 and 6, ymoT was virtually independent of temperature over
8910 J. AM. CHEM. SOC. = VOL. 124, NO. 30, 2002



Supramolecular Cation Assemblies

ARTICLES

the entire measured range, and the Curie constants werecharge-transferred electrically conducting [Ni(dnjitsalts.

consistent with oné& = 1/, spin of C = 0.37 emu K mofZ
Salt 4 exhibited ferromagnetic interaction below 20 K. Its
magnetization above 20 K was consistent with 8 1/, spins
of C = 0.75 emu K motl. Below 20 K, the increase of the
xmT (Weiss temperatur® = +1) indicated ferromagnetic
behavior. TheymoT value reached 1.0 emu K mdlat 2 K.
The magnetization curveM—H) over the range of applied
magnetic field from—5 to 5 T (2 K) wasnonlinear, which is
typical of ferromagnetic systeni$The magnetic momentg)
saturated towardi with increasing magnetic field, which was
consistent given the tw& = 1/, spin contributions of [Ni-
(dmit);]. However, no hysteresis was observed in MeH
curve at 2 K.
Ferromagnetic interaction in [Fe(M@s).][Ni(dmit),] and
ferromagnetic ordering in [Mn(M€s),][Ni(dmit) ] below 2.5
K have been reportet.The charge-transfer excitation between
the donor [Fe(MeCs);] and acceptor [Ni(dmitj~ has been

identified as the origin of the ferromagnetic interaction in these

salts. In salt4, the ferromagnetic interaction results from the

Hydrogen-bonding interactions between the ammonium and the
oxygen atoms in the crown ethers were confirmed. The,(N\H
([12]crown-4) in (NH")([12]crown-4)[Ni(dmit)]3(CHsCN);
exhibited a pyramidal structure, whereas [15]crown-5 and [18]-
crown-6 formed ionic channel structures in (Ahb.sg[15]-
crown-5)[Ni(dmit)], and (NH:*)o 7d([18]crown-6)[Ni(dmit)] .
Although considerably weak as compared to standartON
hydrogen bonds, the hydrogen-bonding interactions within the
ionic channels were sufficient to provide the driving force for
the construction of regular arrays of crown ethers. TheyNH
ions, distributed randomly within the ionic channels, acted as
pinning potentials for conduction electrons, rendering the salts
semiconducting, despite the regular stacks of [Ni(dfifjhe
magnetic properties, which corresponded to a disordered metallic
state, were explained by the disordered Heisenberg antiferro-
magnetic chain model.

The NH,—NH3* yielded sandwich (Ng—NH3™)([12]crown-
4), and club-sandwich (Nf+-NHz™)2([15]crown-5% structures.
These supramolecular cation structures were basically con-

[Ni(dmit)] arrangement itself because the countercations have structed by the NH*---O hydrogen-bonding interactions
a closed-shell electronic structure. The magnetic spin exchangebetween the oxygen atoms of crown ethers and the ammonium

between the monovalent [Ni(dmi}) anions is usually observed

moiety of hydrazinium. Similar hydrogen-bonding interactions

to be antiferromagnetic. We have reported a variety of were observed between oxygen atoms of crown ethers and
[Ni(dmit),] ~ anion arrangements through the application of the amino protons. The (NJ+NH3")([12]crown-4)[Ni(dmit) ], had
supramolecular cation approach. The magnetism of these salts [Ni(dmit),] dimer structure, which exhibited a semiconducting
ranges from a one-dimensional antiferromagnetic linear Heisen- and localized magnetic spin behavior. The @NHIH3™)o ¢([18]-

berg chain to singlettriplet thermal excitation in dimers, and
two-leg spin-ladder associated with the face-to-faegtacking
and lateral S'S contacts of the monovalent [Ni(dmit) anions
in the crystal!12In all cases, antiferromagnetic spin interactions
between the [Ni(dmit]~ anions were predominant.

In the partially charge-transferred [Ni(dmit)°-33 state of salt
4, the neutral [Ni(dmit)]® and monovalent [Ni(dmig] ~ anion

crown-6)[Ni(dmit)], was found to be isomorphous with (INHo 7~
([18]crown-6)[Ni(dmit)],. Finally, (NH,—NH3™)([15]crown-
5)3[Ni(dmit),]¢ exhibited a ferromagnetic interaction (Weiss
temperature= +1 K). To the best of our knowledge, this
represents the first example of a [Ni(dmjt)salt showing
ferromagnetic coupling in the absence of a magnetic cation. The
supramolecular cation approach is useful for constructing various

species coexisted. Such low-temperature charge ordering stateg/pes of [Ni(dmity] configuration in the crystal. Further designs
render possible ferromagnetic spin interaction between of hydrogen-bonded supramolecular cations containing organic

[Ni(dmit),]~ anions via the neutral [Ni(dmi)°. The super-
exchange interaction through the empty LUMO orbitals of
neutral [Ni(dmity]® molecules results in the ferromagnetic
interaction between the [Ni(dmj)- anions. To the best of our
knowledge, sal¥ is the first example of a partially charge-
transferred [Ni(dmit)] salt showing ferromagnetic coupling.

Conclusions

Supramolecular cation structures of (l#{crown ethers) and
(NH,—NHs*)(crown ethers) were incorporated into partially

(21) Miller, J. S.; Epstein, A. JAngew. Chem., Int. Ed. Engl994 33, 385.

(22) (a) Broderick, W. E.; Thompson, J. A.; Godfrey, M. R.; Sabat, M.; Hoffman,
B. M. J. Am. Chem. S0d989 111, 7657. (b) Faulmann, F.; Pullen, A. E;
Riviere, E.; Journaux, Y.; Retailleau, L.; Cassoux,Synth. Met.1999
103 2296.

ammonium are now in progress to fabricate novel [Ni(dsfit)
based molecular conductors and magnets.
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