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The crystals of B~ and B'-(ET).ICL; have a modified structure of organic superconductor p-{(ET),[,. These salts possess
strictly different physical properties : the B phase is a metal but the B’ phase is a semiconductor. Qur bhand electronic
structure calculations show that the B phase is somewhat anisotropic 2D metal and the B’ phase with the 1D character
in electronic structure is magnetic insulating, in good agreement with experimental indications.

Introduction

A large number of salts of the donor radical cation BEDT-
TTF (bis(ethylenedithio)tetrathiafulvalene 1, also known as
ET) have been found with electrical conductivities ranging
from insulators to superconductors.! These salts typically
contain the layered networks of ET molecules consisting of
ET molecular stacks, separated by layers of anions. A very
important aspect of their structures is that the ET com-
pounds contain two-dimensional (2D} networks of short S---S
interactions which increase their dimensionality and inter-
molecular electronic communication. However, it should be
noted here that the 2D molecular network does not always
lead to 2D electronic structure because the magnitude of
the intermolecular interaction between the ET molecules de-
pends on not only short intermolecular §---S contact distance
but also the contribution from both 6- and n-type highest
occupied molecular orbital (HOMOQ) interactions between ET
molecules based on geometric considerations.

The crystals of B- and 8'-(ET):ICl, were obtained electro-
chemically?® On two of the polymorphic modifications of
composition (ET)ICl,, Shibaeva ¢f al. have found substantia-
lly different electrical properties : one of them (the p phase)
is metallic to very low temperatures but are not supercon-
ducting, and the other {the B’ phase) is a semiconductor
at all temperatures from room temperature on down. The
B phase salt is a quasi-2D metal but differs in structure
from the B phase superconductors in that the layer of ad-
jacent stacks of ET donor molecules is nearly coplanar. We
find that the Fermi surface of this salt shows an unusual
coexistence of both 1D and 2D surfaces. This suggests that
electrical transport in this salt is more complicated than it
is in the simpler 1D or 2D organic salt. Unlike B phase salt
with both 1D and 2D Fermi surfaces, ' phase has a 1D-
like electronic structure with the valence band spanning a
narrow energy range (e, ~—0.3 eV). This difference comes
from the anisotropy of the interaction between the ET mole-
cules within a donor layer of B’ phase which is weak but
larger along only one direction. In this connection, Williams
et al* have reported that the B’ phase is a 1D metal on
the basis of ESR observation. But the conductivity measure-
ment work by Shibaeva et al. shows that this salt is a semi-
conductor? This discrepancy will be discussed in view of
the effect of Coulomb interaction of etectrens leading to their
localization on the dimerized ET molecules in this paper.
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Figure 1. Projection view of the B-(ET)IC); structure along the
a-axis direction (Reference 2).

In order to better understand the electronic structures of
these two phases and hence their electrical properties, we
carried out tight-binding band electronic structure calcula-
tions® for their ET networks determined by Shibaeva et al>?

Crystal Structure and Physical
Property Description

The crystal structures of p- and B’-(ET)ICIL; are shown
in Figures 1 and 2, respectively, and the basic crystaliogra-
phic data for the crystals are presented in Table 1. With
almost identical density of the crystals, in B’ phase the para-
meter ¢ is substantially lower compared with the B phase,
while the periods @ and & are significantly higher. These
parameters are undoubtedly important for crystal packing,
and indirectly contribute to the relative measure of the ex-
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Figure 2. Projection view of the B'-(ETLICL structure along
the g-axis direction (Reference 2).

Table I. Crystallographic Data for the p and B’ phases of (ET).-

IC)?
Phase
Parameter
i8 B
a A 6638 5.734
b 9.760 8979
¢ 12.906 16.66
o, deg 87.11 82.18
g 100.93 76.59
Y 98.62 7643
v, & 8115 808.2
Space group P1 P1
A 1 1
8o gfem® 1.99 2.00

4Taken from References 2 and 3.

tent of interactions between ET molecules. The packing mo-
tifs of the 2D ET networks for these two phases are compar-
ed in Figures 3 and 4. A common feature of both networks
is that stacks of ET molecules interact with one another
in the crystallographic @b plane, and a given ET molecule
of one stack is positioned parellel to and between the planes
of two ET molecules in an adjacent stack. However, there
is a gieat difference in this stacking motif between those
two phases. In B'-(ET),ICl,, as shown in Figure 3, the donor
stack consists of ET dimers with a relative displacement
of ET molecules along the long in-plane molecular axis with-
in a dimer which do not form a smooth ET molecule layer
but protrude into the anion sheets to such an extent that
the anions are greatly separated from each other. The ET
dimers do not overlap each other. There are no shortened
intermolecular S-S contacts less than the sum of the van
der Waals radii (36 &) within the donor stacks. The manner
in which adjacent ET molecules overlap in the donor stack
of the B phase in Figure 4 is characterized by large displace-
ments along their short in-plane molecular axes. All intermo-
tecular S---S contacts within the stack are greater than the
analogous contacts between stacks and not less than the van
der Waals distance. On the other hand, numerous short inter-
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Figure 3. Stereoview of the crystal packing of donor molecular
layers in B'<(ET).ICl.. Thermal ellipsoids are shown at an arbit-
rary scale. Dashed lines denote intermolecular S-S contacts less
than 36 &. For simplicity, the hydrogen atoms are not shown.

>

Figure 4, Stereoscopic (a) and perspective (b} view of the crys-
tal packing of donor molecular layers in B-(ET).ICl.. Dashed lines
denote intermolecular $+--S contacts less than 3.6 &. For simpli-
city, the hydrogen atoms are not shown.

stack 5---S contacts are found both in the B and in the
' phase. In the B’ phase, each ET molecule has eight cont-
acts (3.439-3.539 A) with two molecules of the adjacent stacks.
In the B phase, each ET molecule has ten contacts (3.
335-3.660 ﬁ) with four molecules of the adjacent stacks. Eight
of these ten contacts come from the two ET molecules lying
in the plane close to a given ET molecular plane. In crystals
of the B’ phase the positional disorder of one of the terminal
ethylene groups of the ET molecule is found, while in the
p phase both groups are ordered. We note that in p phase
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Figure 5. Dispersion relations for the highest two occupied
bands of B-(ET).ICl;, where the dashed line refers to the Fermi
level. T, X, Y, and M represent the wave-vector points {0, 0),
@*/2, 0), (0, 5*/2), and (@*/2, 6*/2) of the first Brillouin zone,

respectively.

the parameter 4 is significantly shortened and thus S---S
contacts between stacks are highly shortened. The nature
of overlapping of adjacent molecules whithin the ET stack
of B(ET),ICI; differs from that of B-(ETkL. In the B(ET).l;
structure there are more short interstack S-+-S contacts bet-
ween ET molecules which are not located in the same plane.
In contrast, most short corresponding contacts in B-(ET),ICl,
occur for two ET molecules lying in the plane close to the
ET molecular plane. This means that in B-(ET):IC]; the pack-
ing motif of the ET molecules in the donor layer is less
isotropic than in B-(ET).l. .

The physical properties of the B and B’ phases of (ET),ICl,
differ substantially? The P phase has high conductivity of
the metallic type (630 k=200 ohm™!-cm™?) along 4. The tem-
perature dependence of the resistance is metallic in nature
but the transition to the superconducting state is not observ-
ed down to 1.3 K. The stability of the metallic state at very
low temperatures might be connected with the quasi-two-di-
mensional character of its electronic structure.®* We note that
the conductivity of B-(ETXICl crystals measured at room
temperature originates from the highly shortened S---S con-
tacts between stacks. The conductivity measurement of p’-
(ET)ICl, shows that it is a semiconductor.? The conductivity
at room temperature is low (osw k=10"2 ohm™'-cm™!) and
is found to decrease exponentially with a reduction in tem-
perature with activation energy of 0.1 eV. The presence of
semiconductor properties in the B’ phase can be explained
in terms of the donor molecule networks composed of weakly
interacting chains of strongly dimerized ET molecules along
the b-axis direction while the interactions in other directions
are significantly weak. This structural feature leads to a 1D-
like weak band dispersion responsible for electron localiza-
tion on the dimerized ET molecules due to the effect of
Coulomb repulsion between electrons. Similar situation has
been observed earlier in the 1D compound B-(BPDT-TTF),lL,;."

Band Electronic Structure

To examine the origin of the electrical properties of B-
and B'«(ET)ICl,, extended Huickel tight-binding band calcu-
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Figure 6. The fermi surfaces associated with the upper band
and the lower band of Figure 5 in (a) and (b), respectively. The
wavevectors in the shaded and unshaded regions of the first
Brillouin zone lead to the occupied and unoccupied levels of
these bands, respectively, and the boundary between the two
wavevector regions is the Fermi surface.

lations® were performed on the basis of the crystal struc-
tures of these salts reported in references 2 and 3. We emp-
loy all valence atomic orbitals of double-zeta Slater type orbi-
tals for carbon and sulfur atoms in the calculations® A dou-
ble-zeta orbital is given by a linear combination of a diffuse
and a contracted orbital. A single-zeta orbital is generally
closer in orbital extension to the contracted than to the dif-
fuse component of the corresponding double-zeta orbital. The
diffuse component leads to larger intermolecular overlap
than does the contracted component, so that double-zeta or-
bitals provide larger intermolecular overlap than do single-
zeta orbitals.

Figure 5 shows the dispersion relations of the highest two
occupied bands for the structure of P-(ET):ICl; which are
mainly constructed from the HOMO's of two ET molecules
in each unit cell. With the formal oxidation (ET);, there are
three electrons per unit cell that remain to fili the two bands
so that the upper band is half-filled. The valence band is
more dispersive along the I'>X or M—Y direction than
along the I'>Y direction. The upper band shows a strong’
1D character since its bottom portion is occupied for those
wavevectors in the vicinity along X—M, so that this band
leads to the open Fermi surface shown in Figure 6a. The
top portion of the lower band is empty for those wavevectors
around Y. Thus the lower band leads to a hole pocket of
the closed Fermi surface (in the extended zone scheme)
shown in Figure 6b. This Fermi surface is elongated along
the direction approximately perpendicular to the ¢* direction.
Therefore, the electrical conductivity of B-(ET):ICl; is expec-
ted to be higher along the a* direction, s.¢., the ET interstack
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Figure 7. Dispersion relations for the highest two occupied
bands of p'-(ETLICL. I, X, Y. and M represent the wave-vector
points (0, 0), @*/2, 0), (0, $*/2), and (a*/2, b*/2) of the first Bril-
louin zone, respectively.

direction. This anisotropic behavior is related to the fact that
the donor layer of B-(ETXICI consists of a number of highly
shortened S-S contacts between ET stacks and the inter-
molecular §+--S contacts with the less effective overlap mode
within the stack.

Shown in Figure 7 are the highest two occupied bands
calculated for the ET molecule layer of B’-(ET).ICl. The
two bands are primarily derived from the HOMO of each
ET molecule and are different in character from those calcu-
lated for B-(ET).ICl.. The upper band is half-filled because
of the formal oxidation (ET); per unit cell, and it is disper-
sive along the I'=Y or X—M direction but nearly flat along
the F>X direction. The weak dispersion of this band results
from the fact that interactions between two separate dimeric
units in a given stack are extremely weak compared to weak
interstack interactions, while interactions within the dimeric
unit are much stronger because of effective o-type overlap.
The half-filled band is assumed to be metallic if each occup-
ied level has two electrons. This kind of band-filling is ener-
getically favorable in terms of occupying low-lying orbitals.
When the Coulomb repulsion between electrons dominates
over orbital energy contribution, however, a Mott insulating
state of the half-filled band becomes more stable than its
metallic state despite of the presence of partially filled bands
in a one-electron band picture® In general, a system with
the partially filled band is expected to be a Mott insulator
when its bandwidth is small compared with the on-site Cou-
lomb repulsion® The insulating property of a Mott insulator
originates from electron localization caused by electron-elec-
tron repulsion. Therefore, it is not surprising to speculate
that the donor interactions of B'-(ET):ICL can provide a nar-
row enough band susceptible to Mott electron localization.
The experimental findings® that the B’ phase exhibits semi-
conductor properties support the viewpoint that it may be
energetically more favorable for electrons to remain localized
on each ET dimer unit due to the narrow width of the band.
The spin arrangement of localized electrons may have 2 long-
range order as in the ferromagnetic or in the antiferromag-
netic state. However, the recent ESR study on B'-(ET).ICI;
has suggested that this salt is a 1D metal and undergoes
a metal-insulator (MI) transition below 22 K* These findings
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are not consistent with the proposal® that this salt is a Mott
insulator with spin density. Furthermore, axial rotation pho-
tographs of the X-ray diffraction intenpsities about ¢, 4 and
¢ axes in B'-(ET)ICL at 15 K (ie, below its Twi=22 K)
are found to reveal no evidence of superlattice.* Consequen-
tly, it is more probable that the quasi-1D B'-(ET).IC]; is mag-
netic insulating in nature, as in the case of B-(BPDT-TTF).L.

Concluding Remarks

We have examined the relationships between the structu-
res and properties of the two polymorphic modifications of
(ET)ICl,. The strict differences in the properties of those
two arise from the relative arrangements of nearest-neighbor
ET molecules in their planar ET networks and consequently
the different dimensionality of the elecironic systems. Ac-
cording to the present band electronic structure calculations,
the § phase contains both 1D and 2D Fermi surfaces. The
2D Fermi surface associated with the lower band of Figure
5 is somewhat anisotropic in two dimensions since it is elon-
gated along the direction approximately perpendicular to the
I'>X direction, while the 1D Fermi surface associated with
the upper band of Figure 5 is open along the intrastack dire-
ction T->Y. Thus the stability of the metallic state with res-
pect to the MI transition observed for the B phase is proba-
bly connected with the quasi-2D character of the lower band.
As shown in Figure 7, the anisotropy of the dispersion rela-
tions of the valence band with narrow width in B’ phase
suggests the 1D character in electronic structure. The semi-
conducting property of this salt at room temperature and
below is explained by electron localization in the stacks of
(ETY; dimer cations.

Acknowledgment. This paper was supported by NON
DIRECTED RESEARCH FUND, Korea Research Foundation,
1991.

Appendix. The atomic parameters used in the calcula-
tions are as follows: S, 3s: H;=—20.0 eV, {,=2662, ;=
0.5564, §=1.688. 6'2:0‘4874; 3p: H,‘,‘z -133 eV, C1=2.338,
ct=05212, {;=1333, ,=05443. C, 2s: Hi=—214 eV, {;=
1831, ¢,=0.7616, £&=1.153, ¢,=0.2630; 2p: Hi=-—114 &V,
£=2730, ¢;=02595, {:=1257, ¢,=08025. H, 1ls; H;=
—13.6 eV, {=1.30. A set of 66 k points was chosen for the
Fermi surface calculations of half the first Brillouin zone.
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Monomeric rhodium and iridium-diaryltetrazene complexes Cp*M(RNN=NNRYCp*=1,2,34,5-pentamethylcyclopenta-
dienyl; M=Rh, Ir; R=Ph, 4-tolyl} have been synthesized from [Cp*MCLIA(M=Rh, Ir) and 2 equiv. of [Li(THF),J.
(RN,R) in benzene. We have determined the crystal structure of (n’-pentamethylcyclopentadienyl)diphenyltetrazene
iridium by using graphite-monochromated Mo-K,radiation. The compound was crystallized in the monoclinic space
group P2//c with ¢=13.781(3), 6=9.035(1), ¢=17.699(3) & and B=111.93(1)°. An X-ray crystal structure of complex
1 showed a short N(2)-N(3) distance (1.265 A) consistent with the valence tautomer A with Ir(IlI) rather than IKI).
All complexes are highly colored and decompose on irradiation at 254 nm. Electrochemical studies show that complex

1 displays a quasi-reversible reduction.

Introduction

Since the discovery of [Fe(®,N)CO0)] in 1967", transition-
metal tetraazadiene complexes have been reported, including
derivatives of Ni, Co, Ir, Rh, and Pt by coupling reactions
between an organic azide and a metal complex in a low oxi-
dation state or tetrazenido dianion and transition-metal diha-
lide complex?-*?

Transition-meta) tetraazadiene complexes have attacted in-
terest because of their novel bonding mode and the possibil-
ity of dinitrogen extrusion. It has been suggested that reso-
nance structures A and B contribute to the overall structure
of tetrazene complexes.'! The formal valence structure A
or B in the complex was adopted by the extent the delocali-
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zation of m-electron density in the metallacycles and the role
of the metal & orbitals in bonding. Backbonding from the me-
tal to the lowest ligand m-acceptor orbital would induce the
bond length variation found in structure A. In particular,
the structure 4 gives us a good model of nitrogen extrusion
because of the weak bond strength of N(1)-N(2). The fact
stimulates us to explore the preparation of the complexes
of the type A by changing the ligand attached to the transi-
tion-metal. Herein we reported the syntheses of transition-
metal tetraazadiene complexes by the reaction of Rh and
Ir complexes with tetrazenido dianion.

Experimental Section

All manipulations of air-sensitive materials were carried
out under an argon atmosphere with use of standard Schlenk
or vacuum line technique or 2 Mebraun MB150 glovebox.
'H-NMR spectra were recorded on a Bruker WM-250 spect-
rometer in CDCl;. Chemical shifts are given in paris per
million relative to TMS for 'H-NMR spectra. IR spectra were
obtained by using a2 Perkin-Elmer 1310 instrument. Mass
spectra were measured on a high resolution VG70-VSEG



