Inorg. Chem.2000, 39, 2645-2651 2645
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Monovalent cations (M = Na, K*, Rb*, and NH;") and 12-crown-4 were assembled to new supramolecular
cation (SC) structures of the M(12-crown-4) (n = 1 and 2), which were incorporated into the electrically
conducting Ni(dmit) salts (dmit= 2-thioxo-1,3-dithiole-4,5-dithiolate). The NaK*, and Rb salts are iso-
structural with a stoichiometry of the M12-crown-4)[Ni(dmit),]s, while the NH" salt has a stoichiometry of
NH,"(12-crown-4)[Ni(dmit}]3(CHsCN),. The electrical conductivities of the NaK™*, Rb*, and NH;* salts at
room temperature are 7.87, 4.46, 0.78, and 0.14 Slcmespectively, with a semiconducting temperature
dependence. The SGtructures of the Ng K, and Rl salts have an ion-capturing sandwich-type cavity of
M™*(12-crown-4), in which the M" ion is coordinated by eight oxygen atoms of the two 12-crown-4 molecules.
On the other hand, the Nfiion is coordinated by four oxygen atoms of the 12-crown-4 molecule. Judging from
the M"—O distances, thermal parameters of oxygen atoms, and vibration spectra, the thermal fluctuation of the
Na*(12-crown-4) structure is larger than those of"KL2-crown-4) and Rb(12-crown-4). The SC unit with

the larger alkali metal cation gave a stress to the Ni(dngigumn, and the SCstructure changed the—x
overlap mode and electrically conducting behavior.

Introduction is the cation and/or anion radical salts, which have been
. providing a large number of organic metals and superconduc-
Novel supramolecular assemblies such as molecular chundles,q o3 |, these salts, closed-shell counteranions and/or anions
molecular wires, molehcular sh_uttlefs, andhmolecular_trams fhgve are necessary to compensate for the charges in open-shell cations
been attracting much attention from the viewpoints of itS 5,4 anion species. We have been constructing novel molecular
app]lcatllons for molecular sensing, switching, and recognition .o qyctors by replacing the simple counterions to the supramo-
devices: Among a large number of molecules composing |acyiar cation and/or anion systems within the crystals. The
supramolecurllar Sﬁ/ sterrr:s, thu_elr_(jwn ethetis _the flrs:bsyntljetm supramolecular cation (S¢structures are constructed through
component that has the .ab' ity to recognize cat Ngrious ion—crown ether complexation, which are incorporated into the
kind of cations are selectively complexed into the crown ether Ni(dmit), (dmit = 2-thioxo-1,3-dithiole-4,5-dithiolate) based
cavity, forming ion-macrocycle supramolecular cation urfits.  ojecylar conductors having highly electrically conducting
The open-shellz radicals in a molecular conductor are properties—2 Through the design of the SGtructures within
assembled through the intermolecutars interactions’ which the molecular conductors, we can open up a new field of
also form interesting molecular systems regarded as supramo-|ectron-conducting supramolecular systems. For example, we
lecular assembliesOne category in the molecular conductors paye recently reported the g« 15-crown-5)[Ni(dmity] 2(H20)
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Chart 1
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M1 2-crown-4),[Ni(dmit),],

1M =Li", x=15,y=35.
2:M+=Na+,xr2,y:4.

M =K' x=2,y=4.
4M"=Rb" x=2,y=4.
5:M"=NH,", x=1,y=3.

salt, which has a regular ion channel and an electrically
conducting column simultaneousl§.

This time we used 12-crown-4 as a host molecule to
coordinate monovalent ions (M, and the resultant M12-
crown-4) structures were incorporated into electrically conduct-
ing Ni(dmit), salts as new SCstructures. Our previous study
of the Li™5(12-crown-4)[Ni(dmit),]-(acetone) (1) salt revealed
the formation of a novel dimeric pentacoordinated A12-
crown-4} structure’ and preliminary structural analysis of the
NH4(12-crown-4)[Ni(dmit}]s salt showed the formation of a
pyramidal NH™(12-corwn-4) structure within the crystdls.
Since the coordination of 12-crown-4 in the SGtructures

Akutagawa et al.

Figure 1. Supramolecular cation structures of f{d2-crown-4) in the
Ni(dmit), salts: (a) N&(12-crown-4), (b) K*(12-crown-4) and Rb-
(12-crown-4), and (c) NH*(12-crown-4) units viewed parallel to the
12-crown-4 plane.

Calculation of Transfer Integrals. The transfer integralg)(were
calculated within the tight-binding approximation using the extended
Hickel molecular orbital calculation. The LUMO of the Ni(dmit)
molecule was used as the basis functffihe semiempirical parameters
for Slater-type atomic orbitals were us€&dhet values between each
pair of molecules is assumed to be proportional to the overlap integral
(s), t = Es whereE is —10.0 eV.

Results and Discussion

Crystal Structures. Table 1 summarizes the crystal data of
the salts1, Na*(12-crown-4)[Ni(dmit)z]s (2), KT(12-crown-

depends on the cation size, a systematic study involving changest),[Ni(dmit);]s (3), Rb*(12-crown-4)[Ni(dmit)z]s (4), and

in cation size from LT to Na“, K*, Rb", and NH;* should be
necessary to obtain a general rule for designing the $@cture
in the electrically conducting salts. In this paper, we will describe

NH4*(12-crown-4)[Ni(dmit}]3(CHsCN), (5). The salts2—4
have the same stoichiometry. Figure 1 shows the changein SC
structure by changing the ion size from Neo K*, Rb*, and

the preparation, crystal structures, and electrically conducting NH4*. The SC structures of salt&—4 are quite significantly

behaviors of four kinds of new Ni(12-crown-4)[Ni(dmit}],
salts (M" = Nat, K*, Rb", and NH") in addition to the Lt
salt (Chart 1 These Ni(dmit) salts will be discussed in terms
of the structural design of the SQinits within the Ni(dmit)-
based molecular conductors.

Experimental Section

Crystal Preparation. The crystals were prepared using the standard
electrocrystallization method. The single crystals of the salts and
5 were grown from the mixed solvent system (acetonitrile/acetene
1:1), while salt3 was obtained from the electrocrystallization in pure
acetone. The stoichiometry of the crystals was determined by X-ray
structural analysis. The Cssalt was not obtained by the electrocrys-
tallization method using CsClr Csl as a supporting electrolyte.
X-ray Crystal Structural Analysis. Crystal data were collected on
Rigaku AFC-5R and -7R diffractometers with MooK(A = 0.710 73
A) radiation at 296 K using a graphite monochromator. The crystal
data of sal2, using the same crystal for the data collection at 296 K,
were also collected at 190 K in order to reduce the disorders of the

different from the Li»(12-crown-4} unit found in saltl.> Salts
3 and4 have a higher crystal symmetri?Z12,2) than that of
salt2 (P24/c); however, these three salts are isostructural to each
other. The increase in the ionic radius from*L(0.68 A) to
Na' (0.97 A), K™ (1.33 A), and Rb (1.52 A) changed the SC
structure from dimeric pentacoordination to sandwich-typé (M
= Na', K*, and RI). On the other hand, sdthas a different
crystal structure and the SQunit is the pyramidal tetracoor-
dinated NH™(12-crown-4). The structural diversity of the SC
units depends on the character and size of incorporated cations.
The details of structural parameters of the Ni(dgl#yers and
the SC units are summarized in parts a and b of Table 2,
respectively, which will be discussed in the following sections.
1. M*(12-crown-4)[Ni(dmit) 5]4 Salts (M™ = Na*, K+, and
Rb™). Two kinds of the Ni(dmit), A andB, and one M(12-
crown-4) unit of salts2—4 make up the crystallographically
asymmetric unit. Parts a and b of Figure 2 show the unit cell of
the salt2 viewed along thex and theb axes, respectively. The
Ni(dmit), molecules form a nonuniform stack along #exis

SC' structure. The structures were solved and refined using texsan In Which the A—B dimer is a fundamental unit (Figure 2b).

(Rigaku)!* The structure refinements were performed by a full matrix

The mean interplanar distance of the-B dimer (d;) found in

least-squares method. Parameters were refined by the anisotropicsalt 2 is ca. 0.2 A shorter than that of the interdimr-B’
temperature factors, and the hydrogen atoms were removed from the(d). The intradimerd; distances of salt8 and4 were also ca.
refinements. Large thermal parameters of the oxygen and carbon atoms).3 and 0.5 A shorter than those of the interdimer, respectively.

of the 12-crown-4 molecule were observed in the structural analysis
of salt2 at 296 K. In this case, the positional disorders of the oxygen
atoms were assumed at 190 K.

Transport Measurements. The temperature-dependent electrical

conductivity was measured by the dc four-probe method along the long

axis of the crystal, which is consistent with the stacking direction of
Ni(dmit),. Electrical contacts of 1@m gold wire to the crystals were
made by gold paste (Tokuriki 8560).

(10) Nakamura, T.; Akutagawa, T.; Honda, K.; Underhill, A. E.; Coomber,
A. T.; Friend, R. H.Nature 1998 394, 159.
(11) teXsan: Single crystal structure analysis softwarersion 1.9, 1993.

The dimerization is further supported by the calculation of
the transfer integralg & 1072 eV). Figure 2¢ shows the transfer
integrals of the electrically conducting Ni(dmitpyer viewed
along the long axis of the Ni(dmmolecule. The intradimer
interaction {; = —14.28) of sal® is twice that of the interdimer
(t2 = 7.08) at 296 K. Lowering of the temperature to 190 K

(12) (a) Mori, T.; Kobayashi, A.; Sasaki, Y.; Kobayashi, H.; Saito, G.;
Inokuchi, H.Bull. Chem. Soc. Jpr1984 57, 627. (b) Summerville,
R. H.; Hoffmann, R. JJ. Am. Chem. Socl976 98, 7240. (c)
Berlinsky, A. J.; Carolan, J. F.; Weiler, Solid State Commui974
15, 795.
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Table 1. Crystal Data, Data Collection, and Reduction Parameter of thg1d-crown-4)[Ni(dmit}], Salts

12 2 2 3 4 5
chemical formula  GHegO14S70Ni7Liz  CagH320sSuoNiaNa  CagH3208SsoNisNa  CugHz208SaoNisK  CagH3208SuoNisRb  GsoH2eNO4SzoNi
fw 3818.12 2180.88 2180.88 2196.99 2243.36 1602.44
cryst syst triclinic monoclinic monoclinic orthorhombic orthorhombic monoclinic
space group P1 (No. 2) P2:/c (No. 14) P2i/c (No. 14) P2:2:2 (No. 18)  P2:2;2 (No.18)  P2/n(No. 13)
crystal size, mfi  0.5x 0.3x 0.1 0.6x 0.2x 0.1 0.6x 0.2x 0.1 1.2x 0.2x 0.05 0.6x0.2x0.1 0.5x 0.1x 0.1
a A 9.075(4) 8.055(6) 8.068(6) 8.036(3) 7.939(6) 8.793(7)

b, A 18.370(5) 11.23(1) 11.084(4) 11.420(2) 11.548(4) 7.537(6)
c, A 20.677(5) 41.97(1) 41.711(5) 41.398(6) 41.604(7) 43.701(5)
o, deg 91.38(2)

B, deg 93.83(3) 91.63(8) 92.53(4) 94.19(3)
y, deg 103.86(3) 8.036(3)

v, A3 3336(2) 3794(4) 3726(2) 3799(1) 3814(2) 2888(2)
VA 1 2 2 2 2 2

Deai g CTt 1.904 1.909 1.944 1.920 1.953 1.842
temp, K 296 296 190 296 296 296

u, et 12.04 21.69 21.69 21.77 27.46 20.89

R 0.076 0.075 0.080 0.043 0.079 0.052
R.° 0.075 0.083 0.080 0.039 0.045 0.057

aCrystal data were cited from ref 8R = 3 ||Fq| — |F||/S|Fol andRy = (SW(|Fo| — |Fe|)/Z(WFA)Y2.

Table 2

(a) Mean Interplanar Distances @ndd,, A) and Intracolumn
(tinra) @nd Intercolumn Transfer Integrals,er x 1072 eV)
within the Ni(dmity Layer

2 20 3 4 5

d; 3.454 3.430 3.269 3.291 3.374

d; 3.668 3.604 3.666 3.794 3.502
intracolumn

t —-14.28 —15.25 —14.33 —12.58 —19.06

to 7.08 5.13 1.27 281 —-3.26
intercolumn

ts 0.26 0.21 0.15 —-0.54 0.24

ts 0.04 0.12 —-1.49 -0.82 —1.46

ts —-1.34 -1.41 0.53 0.15 0.36

ts 0 0.29 —-0.51 —-1.06 0.24

(b) Interatomic M —O Distances (A), Average M-Opy Distance (A),
van der Waals Distance M-O,qy, (A), Average Isotropic Thermal
Parameter of the Oxygen AtorBqy), Energies of Asymmetric COC

Stretching Modex?coc, cm 1), and Displaced Distances of the
M* lons from the Mean Oxygen Plane of the 12-Crown-4
(dw, A), within the SC" Units

2 2b 3 4 5

M*—0

M*T—01,05 2.62(2) 3.38(2),2.35(2) 2.917(10) 3.05(2) 2.92(1)
M*—02,06 2.79(3) 3.42(2),2.59(2) 2.871(9) 3.00(2) 2.85(1)
M*-03 2.76(2) 2.77(2) 2.7448)  2.92(1)
M*T—04,07 2.84(3) 3.47(2),2.20(2) 2.883(9) 3.05(2)
M*—Og 275 248 2.85 3.01  2.89

M —Ovaw 2.47 247 2.85 3.00 2.87 Figure 2. Crystal structure of the Ng12-crown-4)[Ni(dmit),]4 salt

S:fc 18213 ?’0122 %52 4 91'32 4 71'523 viewed along thea axis (a) and along thb axis (b). (c) Electrically
a2 o 1094 1094 1100 1100 1100 conducting Ni(dmit) layer within theac plane viewed along the long
Vaszgg 1134 1134 1134 1134 1134 _axis of the Ni_(dmit) molecule. _Thc_a transfer inte_graks(—te) and mean
dwu 1.80 1.80 2.03 295 205 interplanar distancesl{ andd,) indicated in the figure are summarized

in Table 2a.
aMean interplanar distances were determined by 17 atoms of the
Ni(dmit), molecules? Based on the structural analysis at 190 K.

¢ Determied at 100 K. of the Ni(dmit), layer (Table 2a). The interaction betweAn
. S molecules along the&2— c direction ¢ = —1.34) is the most
increases the degree of dimerizatibn< —15.25 and, = 5.13), effective, the magnitude of which is, however, 5 times smaller

although the difference in the interplanar distances betweenthan that of the intracolumriy= 5.13). In the cases of salgs
intra- and interdimer is reduced at lower temperature. The strongand4, the effective transverse interactions are elongated along

dimerization is also observed in saBgt; = —14.33 and;, = the 2a + c direction ¢, = —1.49 of salt3 andts = —1.06 of

1.27) and4 (t; = —12.58 andt; = 2.81). salt 4). These are also too small to increase the transverse
Each Ni(dmit) dimer of salt2 is connected by the side by interactions and electrical dimensionality of the Ni(dmligyer.

side S-S interactions along thea2- c (t3 andts) and the 2 + 2. SC Structures of M*(12-crown-4), Units. The Na', K*,

¢ (t4 andte) directions. The magnitude of the transverse transfer and Rb™ ions are coordinated by eight oxygen atoms of two
integrals s — ts = 0.26 — 1.34) is not effective for increasing  12-crown-4 molecules, forming sandwich-type {12-crown-
the intercolumn interactions and the electrical dimensionality 4), structures (parts a and b of Figure 1). Each(l2-crown-
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A longer than the van der Waals (v.d.W.) contdcThe weak
Na"—O coordination property should be the reason for the
conformational fluctuations of the Niél2-crown-4) structure
and large thermal parameters.

The magnitude of the thermal fluctuation in the “N&2-
crown-4) structure was largely reduced at 190 K, and we could
introduce the conformational disorder in the structural deter-
mination. Three pairs of disordered arrangements in oxygen
atoms (0O5-01, 06-02, and O7#04) were assumed with
occupancy factors of 0.5 (Figure 3b). Four kinds of effective
Na"—O contacts (Na—05, Na —06, Na'—03, and Na—07)
are found within the range of v.d.W. contaéthowever, the
other Na—O contacts are too long to coordinate theNan
into the cavity. The average NaO distance of 2.48 A is
derived from the former effective Na-O distances, and the
Beq value (6.1) at 190 K is ca. 3 times smaller than that found
in 296 K. The thermally fluctuating 12-crown-4 structure at 296

i ) K gradually fixed in disordered conformations with coordina-
Figure 3. Schematic oxygen arrangements of theé(kR-crown-4 .
un%ts: (@) Na(lz-crown-ig at 296 Kg (b) Nat(lZ-cro(vvn-4) at 19%) tions to Na& from the O3, OS5, O6, and.O? OXygen,atoms'
K; (c) K*(12-crown-4) at 296 K. However, the O1, O2, and O4 atoms exist in an environment
close to that of free 12-crown-4 molecule.

The structure of K(12-crown-4) in salt3 at 296 K is shown

4); unit is located at the space between the Ni(dpayers, in Figure 3c. The K(12-crown-4) and Rb(12-crown-4) units

and the molecular plane of the 12-crown-4 is normal to the Ni- are isostructural; however, the angle between two 12-crown-4
(dmit), plane. The M(12-crown-4) units are arranged along  planes of the Rb(12-crown-4) (35.1°) defined by four oxygen
theb axis without intermolecular interaction with the other'SC  ztoms is larger than that ofi{12-crown-4} (29.5). Since the

units and with the Ni(dmit)layers. As a result, the SQunits disorders of the 12-crown-4 molecules are not observed and
and the electrically conducting Ni(dmitlayers are isolated from  the Beqvalues found in salt8 (Beq = 8.6) and4 (Beq= 9.1) are
each other. in reasonable range, the $Gtructures of salt§ and 4 are
Although the formation of the sandwiched cavities has been gready fixed at 296 K. In addition, the average O and
reported in the Li(12-crown-4),13 Na"(12-crown-4),14 K*- Rb™—O distances are almost the same as those of the v.d.W.
(12-crown-4)[dichlorobis(pentacarbonylchromiunif]Ag*(12- contactst® An increase in the ion size from Ndo K* or Rb"
crown-4yPF, 1% Fe*(12-crown-4)(PRs7)2,t and Mr+(12- reduced the structural fluctuations of the' (@2-crown-4) units
crown-4y(Brs™),,'8 the R (12-crown-4} structure has notbeen  through the increase in the M-O interactions.
reported so far to our knowledge. Since the ionic radii of Na The increase in the ion size from Nao K+ and RO

K*, and R are larger than the cavity radius of the 12-crown-4  jocreases theaxis length & = 8.055(6), 8.036(3), and 7.939(6)
molecule (0.6-0.75 A), the coordinated structure of sandwich- R) and increases thb-axis length b = 11.23(1), 11.420(2)

type M*(12-crown-4) in salts2—4 is most reasonable. The 504 11 548(4) A). The Ni(dmit)stacks are compressed along
coordination properties found in the above simple salts were o stacking axis, while the magnitudes of side by side

conserved for SC units in the Ni(dmit)-based molecular  jyieractions are reduced with an increase in the ion size. The

condléctors. One exception is theth({12-crown-4} found in change in ion size of the M12-crown-4) units also influences
salt1.> The sandwich-type Li(12-crown-4) may be too small  ha electronic structure of the Ni(dmitjtack in addition to the
to hold the same packing arrangements of the Ni(drfagind structural fluctuations in the SCunits, which perturbs the

in salts 2—4. The conformational freedom of 12-crown-4 electrically conducting properties of these salts.

molecules is influenced by the strength of coordination from n . _
3. NH4"(12-crown-4)[Ni(dmit) 2] 3(CH3CN), Salt. A half unit
the oxygen atoms of 12-crown-4 molecule td Mhe thermal of the Ni(dmit A, one Ni(dmity B, and a half unit of the Nit-

%Zﬁzzﬁtrir?o?ihzx}[ﬁ:r%:roflrlrjzt:;]t?grgf ?Asét%ciirg\r:ni?d (12-crown-4) are crystallographically asymmetric units. Figure
4 shows the unit cell of sak viewed along the-a + b axis.

t'una'ises(-;atlbzlggl}?' vtﬂﬁ:ﬁgzsi?rm?nfg dsttr)uit#éel;?rgeerlr)]/gluniu de Two kinds of Ni(dmity column, columns a and b, are elongated
’ y 9 9 along thea + b and—a + b axes, respectively, and these are

of average isotropic thermal parameter of oxygen atdBag< . o
16.1). Since it was impossible to obtain a reasonable coordinatedorthogJonal to each other. The fundamental unit of the Ni(dmit)

structure with smalBeq values, assuming several disordered column is theB—A~—B" trimer, and the two-dimensional layer
eq = : 9 . oo -~ structure within theab plane is constructed through the short
arrangements, we considered that the fluctuation is intrinsic

. . . interatomic S-S contacts between the Ni(dmifjolumns. The
(Figure 3). The average NaO distance of 2.75 A'is ca. 0.2 A—B mean interplanar distance is ca. 0.13 A shorter than the

B—B' pairs. Figure 4b shows the transfer integrals of the

(13) Hope, H.; Olmstead, M. M.; Power, P. P.; Xu, X.Am. Chem. Soc

1984 106, 819. electrically conducting Ni(dmig)layer (column a) viewed along

(14) Chen, H.; Jutzi, P.; Leffers, W.; Olmstead, M. M.; Power, P. P. the long axis of the Ni(dmit) The intratrimer interactiont{ =
Organometallics1991, 10, 1282. _ ; ; ; ;

(15) Schiemenz, B.; Antelmann, B.; Huttner, G.; ZsolnaiZLAnorg. Allg. éQZ.gZ)_ISd_Ca. .6 times Iarger_ thar.] th.at of fthlgel_n;ertglntgl_:(
Chem 1994 620, 1760. —o. -), N |Ca:t|ng a Strong tr[me”zat.lon 0 t — unit.

(16) Hughes, B. B.; Haltiwanger, R. C.; Pierpont, C. G.; Hampton, M.; The side by side transverse interactions in column a are elon-
Blackmer, G. L.Inorg. Chem 198Q 19, 1801. gated along the&+ b (t; andts) and theb axes { andt),

(17) Jones, P. G.; Gries, T.; Grutzmacher, H.; Roesky, H. W.; Schimkowiak,
J.; Sheldrick, G. MAngew. Chem., Int. Ed. Endl984 23, 376.
(18) Meier, K.; Rihs, GAngew. Chem., Int. Ed. Engl985 24, 858. (19) Bondi, A.J. Phys. Chem1964 68, 441.
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Figure 4. Crystal structure of the NF(12-crown-4)[Ni(dmit}] 3(CHs-
CN); salt: (a) viewed along thea + b axis; (b) electrically conducting 1600 1200 800 400 1180 1100
layer (column a) viewed along the long axis of the Ni(dpitiplecules. -l ber / cm”!
The transfer integralsti—ts) and mean interplanar distancet énd ) i Wa_ve number / cm Wave number / cm
dy) indicated in the figure are sumarized in Table 2a. Figure 5. Vibrational spectra of the salts=5 and free 12-crown-4
molecule in the energy regions of (a) 400600 and (b) 10561180
cml,

while those in column b are along tle+ 2b and thea axes,
respectively. They interaction (1.46) along theb axis is the
most effective among the four transverse ones. However, the1:3 stoichiometry of the (RF)[Ni(dmit),]s salf? changed to
magnitude of the transverse interaction is not effective enough 1:4 in (PhAS)[Ni(dmit);]4.23 The stacking arrangements of the
to increase the electrical dimensionality of the Ni(dmidyer. Ni(dmit), column are quite significantly influenced by the SC

4. SC* Structures of NH4"(12-crown-4) Unit. The SC Ni(dmit), stoichiometry or the charge on Ni(dmit)The 1:3
structure of sal is composed of pyramidal coordination of  salts typically have trimer stacks of the Ni(dmijtwhile the
the NH;* by four oxygen atoms of the 12-crown-4 molecule 1:4 salts have dimer stacks. Thus, the design of thé SC
(Figure 1c). The SCstructure of the N (12-crown-4) is fixed structures in both size and shape is important for controlling
at one conformation without disorders. The'S€ructures are  the electrically conducting properties of the Ni(dmisplts.

located at the space between the Ni(dgiiyers and stacked Vibrational Spectra. The dynamics of M(12-crown-4) units
along theb axis. Although the ionic radius of NF ion is almost ~ incorporated in Ni(dmif) salts were further examined by
the same as that of Kor Rb", only the pyramidal structure of  analyzing the vibrational spectra. Figure 5a shows the IR spectra
NH4*(12-crown-4) was obtained. of salts1—5 and the free 12-crown-4 molecule in the energy

A driving force for the formation of the Nkt (12-crown-4) region 406-1600 cntl. Enlarged spectra in the energy region
pyramidal structure may be the hydrogen-bonding ability of the 1050-1180 cnt! are shown in Figure 5b.
NH4* ion to the oxygen atoms of the 12-crown-4 molecifle. The free 12-crown-4 molecule has some characteristic IR-
The average N%O distance of 2.89 A is about the same as the active bands that are assigned to the COC asymmetric stretching
standard hydrogen-bonding distance of NHO (2.87 A)20 modes (¥lcoc = 1026,13%c0c = 1094, and?%oc = 1135 cnr?)
The NH;* ion is displaced 2.1 A from the mean oxygen plane and the COC symmetric vibrationvoc = 845 and 915
of the 12-crown-4 molecule. THewq value of the oxygen atoms  cm1).24 The vibrational spectra of the salts-5 clearly show
(7.2) is found in a reasonable range, which indicates the lessthat the peaks correspond to thieoc andvScoc modes of the
fluctuating structure of the Ni¥(12-crown-4) unit than that of ~ 12-crown-4 molecule (see also Table 2b). The strong-@
the Na'(12-crown-4} in salt2 at 296 K. interactions within the SC structures cause the shift of the
The common structural feature of thetfd2-crown-4) SC 13c0c mode?* However, the magnitude of the energy shift is
system is the outside arrangements of the ibhs against the ~ small and depends on the ring size of the crown ethers. A blue
12-crown-4 cavity due to the smaller cavity radius compared shift of 6 cnm ! has been reported for the N¥ir(12-crown-4)-
to the size of the ions used in this study. The sandwich-type Cl—, salt?* Thev23%;oc modes of saltd—5 (1134 cntl) appear
M*(12-crown-4) structure is typically observed in the 12- at the same position as the free 12-crown-4 molecule, while
crown-4 coordinated L, Na", and K" salts!®~15 However, a thev%-0c mode in saltd and3—5 (1100 cnt?) shows a slight
similar sandwich-type structure of NH(12-crown-4) has not blue shift of about 6 cmt. The latter mode in saf (1094 cnt?)
been reported. The increase in 'S€ize from the pyramidal is observed at the same position as that of the free 12-crown-4
NH4"(12-crown-4) to the sandwich-type N@2-crown-4), K+- molecule, and the low-temperature IR measurements at 100 K
(12-crown-4), and RB (12-crown-4) changes the NYNi(dmit), also showed no spectral change in iffgoc mode. The COC
ratio from the 1:3 to 1:4. The 1:4 stoichiometry has been also bonds of the N&(12-crown-4) are largely fluctuating in the
reported in a salt with a large SGsystem, Nd&(cis,anti,cis- crystal, and the environment of the 12-crown-4 molecule should
dicyclohexyl-18-crown-6)[Ni(dmit] 4.2 The M/Ni(dmit), stoi- be close to that of the free 12-crown-4 molecule, which is
chiometry is sensitive to the size of cations. For example, the consistent with the results of the X-ray structural analysis.

(20) Jeffrey, G. AAn Introduction to Hydrogen Bondin@xford University (22) Nakamura, T.; Underhill, A. E.; Coomber, A. T.; Friend, R. H.; Tajima,
Press Inc: New York, 1997. (b) Hamilton, W. C.; Ibers, J. A. H.; Kobayashi, A.; Kobayashi, Hnorg. Chem 1995 34, 870.
Hydrogen Bonding in Solid®8enjamin: New York, 1968. (23) Valade, L.; Legros, J.-P.; Cassoux, P.; KubeMBl. Cryst. Liqg. Cryst

(21) Robertson, N.; Akutagawa, T.; Nakamura, T.; Roehrs, S.; Underhill, 1986 140, 335.

A. E. J. Mater. Chem1999 9, 1233. (24) Li, H.; Jiang, T.; Butler, I. SJ. Raman Spectros&989 20, 560.
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Figure 6. Logarithmic resistivity normalized at room temperature (log-
(o/prT)) Vs inverse of temperaturd (1) plots of saltsl (O), 2 (@), 3
(d), 4 (»), and5 (+). The arrows indicate the transition temperature
from the o phase to thgs phase.

Table 3. Electrical Conductivities at Room Temperatutg+{ S
cm™1), SemiconductorSemiconductor Transition Temperaturdss(
K), and Activation EnergiesEy(a) andE4(f), eV) of the Saltsl—5

salt ort,2S cnrl Tss K Ea(a)b, ev Ea(ﬁ)bv ev
1 30.0 230 0.10 0.17
2 7.87 255 0.14 0.49
3 4.46 270 0.17 0.35
4 0.78 280 0.30 0.45
5 0.14 0.14

aMeasured by the standard four-probe dc mettdche activation
energieE (o) andE4(S) correspond to highei(phase) and lowers(
phase) temperature regions than transition temperalyges

Electrical Conductivity. Table 3 summarizes the electrical
properties of saltsl—5. The semiconducting temperature-
dependent behaviors are observed in all salts. dfyevalues
of salts 1-5 are 30.0, 7.87, 4.46, 0.78, and 0.14 S&m

Akutagawa et al.

change in the magnitude of the lattice distortions in the Ni-
(dmit), column by changing the SGsize, which should be the
dominant factor for influencing the electrical conduction. The
other is the change in the magnitude of the conformational
fluctuation in the SC system; this may be associated with the
order—disorder transition. The strong dimerized structure of the
Ni(dmit), column was observed in sals-4. However, the
magnitudes of interdimer interactions in s&té, = 1.27) and

4 (t, = 2.81) are quite significantly smaller than that of salt
(t = 7.08). The increase in ion size from N&o K* or Rb"
enhances the interdimer lattice distortion while holding the same
stoichiometry, which decreases the electrical conductivity. The
fluctuation in the SC structure seems to have a small influence
on the electrically conducting behavior of the Ni(dmigttice
even for the Na salt. The stoichiometry of simple ®Ni-
(dmit),]y salts largely depends on the cation size,"[Ng
(dmit)z], KT[Ni(dmit)z]..5, and RE[Ni(dmit)2]2.752° and the
cation size largely influences the stacking manner of the Ni-
(dmit), columns. On the other hand, the 12-crown-4 based SC
structures can hold the same*{d2-crown-4)[Ni(dmit),]4
stoichiometry and Ni(dmig) dimer structure in the Ng K,

and Rb salts. Since the 12-crown-4 has structural flexibility
and some stable conformations, the volume change from Na
to K* and Rb is relaxed by the conformational change of the
12-crown-4 molecules. The larger ion size decreases the
structural flexibility of the crown ether and fixes the conforma-
tion of the 12-crown-4 in the crystal. The ™Ni distances
between the M and Ni(dmity A (or Ni(dmit), B) for salts2,

2', 3, and4 decrease from 12.55 (12.17), 12.52 (11.07), 12.42
(9.90), and 12.12 A (9.90 A), respectively. The large (-
crown-4)» unit gives stress to the Ni(dmit)column, which
distorts ther—s overlap in the stack and reduces the electrical
conductivity. The fine-tuning of electrically conducting behavior
may be possible by utilizing the structures of 'Stnits.

Summary

respectively, and the values decrease according to the ion size o supramolecular cation (ST structures based on 12-

(Nat > K* > Rb") when we compare isostructural sas4.
Figure 6 shows the logarithmic resistivity normalized at room
temperature (logf{ert)) Vs the inverse of the temperatuie ()
plots. Salts1—4 show nonlinear behavior with two semicon-
ducting phases at the highar-phase) and lower temperature
regions (-phase). The transition points between thand
phases are indicated by arrows. The transition temperaflygs (
from thea to theS phases of salt$—4 are 230, 255, 270, and
280 K, respectively. The magnitudes of thg values of the

crown-4 were incorporated into the electrically conducting Ni-
(dmit), salts. The SC structures are composed of the bns
(Mt =Li*, Na", KT, Rb*, and NH;") coordinated by the 12-
crown-4 molecules, which give a novel Ri2-crown-4)
structure. The M(12-crown-4)[Ni(dmit);], salts (M" = Nat,
K+, and RbB) have the sandwich-type ™12-crown-4) SC*
structure, whereas a pyramidal bt{12-crown-4) structure was
observed in the Nkt (12-crown-4)[Ni(dmit}]3(CHsCN), salt.
The 12-crown-4 molecule in the Niaalt has motional freedom

isostructural salts are consistent with the sequence of the cation,¢ free 12-crown-4 at room temperature, and a disordered

size (Na& < K* < Rb"). The increase in the ion size from Na
to K to Rb" stabilizes the low-temperatufephases. On the

other hand, almost linear temperature-dependent behavior is ;+

observed for salb with an activation energy of 0.14 eV. The
activation energie&,(a) of saltsl, 2, 3, and4 in the a. phase

are 0.10, 0.14, 0.17, and 0.30 eV, respectively. The magnitude

of the E(a) values are also correlated to the ion size (Na
K* < Rb"). The activation energieB,(5) of salts1, 2, 3, and

4in thep phase are 0.17, 0.49, 0.35, and 0.45 eV, respectively,

and the values are larger than o) of each salt. The stacking
manner of the Ni(dmit)columns as well as the SGtructures
of salts1 and5 is quite significantly different from that of salts
2—4, We will discuss the relationship between the conductivity
and the ion size for the isostructural series of saitgl.

The conductingr electrons on the Ni(dmit)column should
be influenced by the SCstructures in the solid. There are two
interactions between the SGnd Ni(dmit} lattice. One is the

arrangement of the Ng12-crown-4) structure was found even
at 190 K. On the other hand, the 12-crown-4 molecule in the
, K, Rb", and NH" salts are already fixed in one
conformation at room temperature.

Segregated nonuniform stacks of the Ni(dgmitere found
in all salts. The large monovalent cations™(lKnd RbB") form
asymmetric sandwich-type M12-crown-4) SC' structures and
increase the size of SCcations. The interdimer interaction
found in the Ni(dmit) column was reduced by changing the
Na ion to the K" and RbB ions, which influences the
conducting behavior of the Ni(dmjtfolumn. The structure of
the SC unit was closely related to the stacking manner of the
electrically conducting Ni(dmit) columns. Two kinds of
semiconducting phasee @ndg phases) were observed in the

(25) Cassoux, P.; Valade, L.; Kobayashi, H.; Kobayashi, A.; Clark, R. A,;
Underhill, A. E.Coord. Chem. Re 1991, 110 115.
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