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A neutral nickel complex with the extended tetrathiafulvalene-4,5-
dithiolate ligand benzotetrathiafulvalenedithiolate (btdt?") is syn-
thesized and characterized. From the structural analysis, the
neighboring molecules in this complex are stacked in a different
way compared to the previously reported single-component metal
[Ni(tmdt),]. The computational studies confirm that the difference
in molecular packing results in the variance of conductivity.

Metal complexes of multiple-sulfur 1,2-dithiolene ligands

metal composed of single-component planar molecules Ni-
(tmdt), (tmdt = trimethylenetetrathiafulvalenedithiolate)
exhibited an extremely high electrical conductivity (400 S
cm1) at room temperaturé. However, in these metal
complexes with extended tetrathiafulvalenedithiolate ligands,
the extended sections on the TTF framework are all alkyl
groups. Usually, bulky alkyl groups on the TTF framework
will lead to the molecules packing in a noncompact manner,
which decreases the intermolecular interaction. Therefore,
the introduction ofz-conjugated groups, such as a phenyl

have been extensively studied as materials for moleculargroup, on the TTF framework may show great effects on

conductors and superconductéré.Intermolecular interac-
tions through shorter-SS contacts are the basic requirement
for high conductivity. Recently, metal complexes containing
extended tetrathiafulvalenedithiolene (tetrathisfulvalene

the conducting properties of the resulting complexes. We
report herein the synthesis and properties of a highly
conducting neutral nickel complex with a-conjugated
dithiolate ligand, [Ni(btdt)] (btdt = benzotetrathiafulvalene-

TTF) ligands have been of great interest because of theirdithiolate; Scheme 1).

possible extended-conjugation system and better electrical
conduction properties.* The three-dimensional synthetic
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The neutral complex [Ni(btdf) was prepared according
to the literature methods (see the Supporting Information for
details). It is insoluble in common organic solvents, thus
making it difficult to get the single-crystal suitable for the
structure determination. However, we can solve the crystal
structure from powder X-ray diffraction (PXRD) data using
the Rietveld refinement technig@é Details of the structure
determination are described in the Supporting Information.
The final Rietveld refinement plot is shown in Figure S1.
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The satisfactory, but still not perfect, match between observed
and calculated data is due to the low resolution caused by
poor crystallinity. Complex [Ni(btdt) is almost isostructural
with [Ni(tmdt),]. The triclinic unit cell contains only one
molecule. The central Ni atoms are on the lattice points, and
the four S atoms surrounding the Ni atom yield a square-

planar geometry. The bond distances and angles are withinFiguéeg Pagking ‘éiagfam of C?’IT‘p'eXh[Ni(bSt%%(dX“ed lines represent-
L - tact than 3.60 A).
the normal range. The whole molecule is ideally planar. It 9 nonbonded contacts ot fess than )

is noteworthy that there are many shorterS contacts and a— — — — by — — — —
qr-=+7r interactions between neighboring molecules, indicating —_— —_——— _————
that the system has three-dimensional intermolecular interac- _———— - - - -

tions (Figure 1).
However, there is a crucial difference in molecular packing o .
between [Ni(btd)] and [Ni(tmdt)]. In [Ni(btdt).], all of the Figure 2. Packing diagram of complexes [Ni(btgt(a) and [Ni(tmdt}]
neighboring molecules are in slipped stacking along the (b).
shorter molecular axis, which is common for the nickel
dithiolate complex with extended TTF ligands, such as [Ni-
(C10H10Ss)2], %2 [Ni(ptdt),],%° and [Ni(hfdty].39 However, for
[Ni(tmdt),], the neighboring molecules are somewhat “dimer- 20
ized” and form a zigzag column structure along the stacking
direction (Figure 2). 15
The absorption spectrum for the solid powder sample of £
[Ni(btdt),] shows a broad absorption maximum at ca. 5500
cm! (1820 nm), which is much larger than that observed =
in Ni(tmdt), (ca 2200 cn!; 4540 nm)¢3¢ Electrical
conductivity measurement using compressed pellets over the 54
range 86-293 K (Figure 3) reveals that [Ni(btd})is a
narrow-gap semiconductor with a room-temperature con- |
ductivity of 10 S cmit. This value is significantly lower than

25

10

that of [Ni(tmdt)] (200 S cnt? for the powder sample). Upon © oo %6 s00 | 280 g0
cooling, the electrical resistivity increases gradually from 300 T (K)

.t0 200 K and then increases sharply when the temperatureFigure 3. Temperature dependence of the electrical resistivity of [Ni-
is further lowered. (btdt)).

The electronic structure of [Ni(btdfwas calculated under
both the local density approximation and generalized gradientstructure had a good planarity with,, symmetry. The
approximation using SVP or 6-31g(d,p) basis sets (see thehighest occupied molecular orbital (HOMO) and lowest
Supporting Information for details). The optimized molecule unoccupied molecular orbital (LUMO) of [Ni(btdi) are
n-like orbitals with by, and g Symmetries, respectively, with
(5) The PXRD pattern of [Ni(btds) (2) was indexed using the program  a very small HUMG-LUMO energy gap (0.4050.478 eV).

DICVOL (Boultif, A.; Lauer, D.J. Appl. Crystallogr2004 37, 724— : ;
731), giving the triclinic unit cell witha = 6.6102 A,b = 7.2322 A, Interestingly, the HOMG-LUMO energy gap of [Ni(btdg]
c=12.8340 A,a = 89.58, § = 93.03, y = 112.31%, andV = is very close to that of [Ni(tmdj) (calculated to be 0.371

566.767 R. The structure was solved using a parallel tempering i i
approach implemented in the program FOX (Favre-Nicolin, V.; Cerny, 0.430 eVinour StUdy)' suggesting that the HOMOUMO

R. J. Appl. Crystallogr.2002 35, 734-743. FOX,“free objects for energy gap is not the key factor for the electrical conducting
crystallography”: A modular approach to ab initio structure deter-  property.

mination from powder diffraction Rietveld refinements were alter- . . .
nated with Fourier difference maps, using the GSAS program (Larson,  Since the molecular HOMOLUMO energy gap is practi-

A. C.; Von Dreele, R. BGeneral Structure Analysis System (GSAS) cally identical, the reason for the large difference in the

Los Alamos National Laboratory Report LAUR 86-748; Los Alamos i ; ; ;
National Laboratory, Los Alamos, NM, 2004). conductivity between [Ni(btd) and [Ni(tmdty] is perhaps

(6) Final Rietveld refinement results for [Niﬁ(\btgﬂt)(Z): M, = 6%1.70, due to the difference in molecular packing. Extentckil
triclinic, space grougPl, a = 6.7203(16) Ab = 7.3808(12) Ac = iaht-bindi i i
12.5627(33) A = 87 141(21). f = 93.624(35), 7 = 111.799- tight bmdmg cglct)u:jathns were perfor;ned tlg obtamdthe band
(12, V=577.17(22) B, Z = 1, p = 1.964 g cm3, Re = 0.0843, structure of [Ni(btdt)] in two types of packing modes, as
Rup t= 0.1”25?,35 =tr(]J.0824,prf(e&po%cte%); o.%essh‘f)or ?>sz|50 data  shown in Figure 2 (see the Supporting Information for
points colliected In the range o = , where = Yobs — H H H
Voudl/ [Yond: Rup = [5W(Yone— Year)?/ S W(Yapd 21 /2: Re = 5 |Foo = Fell calcula_tlon details). qu stacking a, the HOMO and LUMO
> Fo, Rexp = [(N — P1— P2)/SW(Yong? V2. bandwidths were estimated to be 0.266 and 0.198 eV,
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Figure 4. Hole (green) and electron (red) Fermi surfaces of [Ni(b}dt) T
different packing moded” = (0, 0, 0),X = (¥, 0, 0),Y = (0, %, 0),Z = 01 . \ . . ) .
(o! 011/2)'7 M : (l/Zv 1/2! 0)1 N : (1/21 Ov 1/2)! L : (Ov 1/21 1/2)Y andR = (1/2' ) 0 50 100 150 200 250 300
115, 113), in units of the triclinic reciprocal lattice vectors. T/K

Figure 5. Temperature dependence gfT for [Ni(btdt),]. The inset is
1/m vs T. The solid line corresponds to the best fit to the Culiéeiss

respectively. There is no overlap between the HOMO and '

LUMO bands (Figure S10a in the Supporting Information).

Only very small electron and hole pockets were obtained exchange coupling. With decreasing temperature, between
on the Fermi surface (Figure 4a). This result is consistent 300 and 20 K, theymT values exhibit a quasi-linear
with the observed semiconducting property of [Ni(bfdt)  dependence witfi from 0.48 to 0.29 emu K mot and then
However, when the [Ni(btdf) molecules are “dimerized”  decrease smoothly below .ca0 K, reaching a minimum
(stacking b), the calculated HOMO and LUMO bandwidths value of 0.18 emu K molt at 1.8 K. The magnetic
were 0.291 and 0.262 eV, respectively. The two bandwidths susceptibility above 25 K obeys the Curié/eiss law with

had an overlap of 0.06 eV (Figure S10b in the Supporting the Curie C) and Weiss®) constant<C = 0.52 emu K mot*
Information). Large electron and hole pockets were obtained and§ = —28.63 K, suggesting that intermolecular antifer-
on the Fermi surface (Figure 4b), indicating a metallic romagnetic coupling is dominant in the complex. This is
conducting behavior. According to the previous studies on reasonable because there are many short intermolecular S
TTF-like single-component metals, the HOMO and LUMO --S contacts andr—x stacking interactions as described
often form a “crossing band” whose Fermi surface tends to above.

vanish because of the HOM@UMO interactions. Only In conclusion, the neutral nickel complex with a highly
very small electron and hole pockets appeared in the Fermisz-conjugated dithiolate ligand, benzotetrathiafulvalenedithi-
surface as a result of the transverse interaction betweenolate, shows a high conductivity at room temperature. The
neighboring columns. A large Fermi surface can only be structural analysis from PXRD experiments shows that it has
obtained when large transverse intermolecular interactionsa different packing mode from that of [Ni(tmel) which

are observed in a three-dimensional system. Therefore, thdeads to the variance of conductivity. The results are
absence of “dimerization” of [Ni(btdf) molecules weakens  reasonable and consistent with our computational results.
the transverse intermolecular interactions and the HOGMO
LUMO interactions destroy the Fermi surface, thus resulting N
in the difference of electrical properties.

The electron spin resonance spectra of [Ni(bidtjere
recorded in the solid state at 120 and 298 K (Figure S7 in
the Supporting Information). At 298 K, one weak broad
doublet signal was observed gt= 2.011. At 120 K, the
broad signal was sharpened withvalues of 2.007. The
magnetic susceptibility variations in different temperatures  Supporting Information Available: Synthesis, more magnetic
of [Ni(btdt),] were measured in 18300 K (Figure 5). At data, details of the crystal structure determination from powder
room temperature, itgy T value is 0.48 emu K motl, which X-ray diffraction data, and X-ray crystallographic data in CIF
is smaller than the spin-only value of 0.75 emu K mol format. This material is available free of charge via the Internet at
(S= 1) for the radical in ther-conjugated dithiolate units ~ NttP-//pubs.acs.org.
and the unpaired electron in the "Niions without any  1C070264N
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