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Abstract A three dimensional volume packing analysis
of the crystal structures of quasi-one-dimensional ion-
radical solids of the type (D){tx'js presented., It

is found that the (TMTSF) 2'!' X" (X% NO,) solids are
loosely packed when compared with solids where D is an
aromatic hydrocarbon. It is suggested that (TMTSF)QTX'
(XXNO,) are formed under conditions of kinetic control.
A direct, broadly applicable approach to the synthesis
of aromatic molecular (e.g. tetratellurotetracene (TTeT)
and bis-(2-naphthyl)ditelluride) and supramolecular
(e.g. poly-p-phenylene selenide (PPSe) and -telluride)
materials is outlined. Our initial studies (powder
data) of the structural and room temperature electrical
properties of solids derived from TTeT and PPSe by
electron transfer are summarized. The crystal and
molecular structures of two forms of bis-(2-naphthyl)
ditelluride have been determined using single crystal
methods, and conformational polymorphism was observed.

INTRODUCTION

Since the Fifth International Conference on the Chemistry of
the Organic Solid State (ICCOSS) in 1978, interest in low
temperature organic metals has largely focused on ion-radical
solids (D),* X~ , where D represents the donors tetramethyl-
tetraselenofulvalene (TMISF, 1) and tetraselenotetracene
(TSeT,‘g) and X 1s a closed-shell anion. While the
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observation? of ambient pressure pressure superconductivity
at 1° K in (TMTSF)*' C10,” has attracted the major share of
attention, the other features of the salts (TM.TSF)2
including the spin density wave effects, perpendicular
plasma edge, and reduced charge transfer in a commensurate
phase provide a significant contrast to the now classical
TTF-TCNQ family of two chain organic metals." Since it is
recognized that the intrinsic properties of (TSeT)21'X‘
(X=C1l, Br) have not been observed due to the presence of
impurities, 5 our discussion will initially focus on the
TMISF materials.

The properties observed in the ion-radical solids derived
from TMISF and TSeT have stimulated interest in the syn-
thesis of tetratellurofulvalenes® and tetratellurotetracene
(TeT)! 7 While molecular properties of Te compounds such as
polarizability are enhanced vs. their Se counterparts, it

is the reduction of quasi-one-dimensionality following from
the chalcogen-chalcogen contacts in the anticipated crystal
structures that continues to fuel speculation about super-
conductivity at truly elevated temperatures in this class of
materials. Since it 1s the need to control crystal structure
that is central to progress along these lines, it may be
fruitful to reflect further on phase formation and the de-
tails of crystal packing in order to refine ideas on the
design of low temperature organic metals and superconductors.

A VOLUME PACKING ANALYSIS OF (D)zf

At the Fifth ICCOSS, a volume packing analysis of ion~radical
solids noted that, from room temperature structural data,
compared to its neutral precursors, TTF-TCNQ underwent a ten
percent volume contraction on charge transfer.® In solids
of the TTF-TCNQ type where the volume contraction was ca.
one percent, the electrical properties were markedly less
metallic than TTF-TCNQ. In contrast, the metallic TTT
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(TCNQ) 2 shows volume expansion on charge-transfer. This
type of analysis is now presented for representative solids
(D) ;¥ X, where D is TMISF,® TMITF,'® TSeT,!! fluoranthene,?
and naphthalene.!® The assumptions implicit in this
approach have been detailed.!* The ratio Vpo/Vpp for these
solids is given in Table 1; Vpop 1s obtained by subtraction
of the volume of X~, obtained from the structures of alkali
metal salts estimating the volume of the metal ion from
PauL}ng or Goldschmidt radii, from the unit cell volume of
(D),+ X7,

With reference to Table 1, we note that for (TMISF)Q? X~
(X%XNO;), the volume contraction 1s of the order of 3%;
analogous results are noted for the TMITF solids. For the
recently reported (TMTSF)ZT H,F, %8 the V. o/Vop value is
1.053. To facilitate further discussion of these numbers,
we compare them with other solids of the (D)ZT X~ type where
D is derived from the hydrocarbons fluoranthene or naph-
thalene. For these solids, note that the volume contrac-
tion is 8-10%, comparable to TTF-TCNQ. Compared to the
hydrocarbon lon-radical solids, the TMTTF and TMTSF (X %XNO;)
solids are relatively loosely packed, and it is suggested
that their formation occurs under conditions of kinetic
control. For (TMTSF)- NO ;~, where the volume contraction
is comparable to the hydrocarbons, superconductivity has

not been observed upon application of pressure, while X-ray
diffuse scattering reveals a low temperature superstructure
which might involve anion ordering.lS

For the TMTSF ion-radical solids, the trends noted above in
the ratio VDo/VCT are also found in the c/a ratio of the
lattice constants. For the NO, and H,F3 salts, c/a = 1.78,
while for the other salts discussed above, as well as the
FSO, and Bro, salts,'® c/a falls between 1.82 and 1.87. 1In
contrast to the trend in the c/a ratio, the b/a ratio varies
only from 1.048 for the NO, to 1.067 for H,yF3 with all other
salts falling in between.

Several independent observations support the contention
that (TMTSF),t X~ (X%NO3) are formed under conditions of
kinetic control. An attempt to grow salts of HMISF by
anodic oxidation in chlorobenzene led to a salt of 3:2
stoichiometry which included solvent in the unit cell.!”
Electrocrystallization of the parent TSF with Cl0,~ gave
single crystals of a semiconducting salt.?!

Analogous to TTT (TCNQ),, the metallic (TSeT),¥T C1~ reveals
a slight volume expansion upon charge transfer, and the
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Table I. CRYSTAL PACKING IN ION-RADICAL SALTS (D) 2 X~

DONOR X~ Veon - Vy ()3 Vpe!/Vor
TMTSF PFg 609.6 1.039
TMTSF AIFB 6144 1.031
TMTSF Clo, 813.2 1.033
TMTSF BF4 614.0 1.031
TMTSF ReO, 618.0 1.024
TMTSF NO,4 580.3 1.074
TMTTF BF, 574.4 1.033
TMTTF Br 584.9 1.014
TSeT cl 783.7 0.977
T8eT PF 1608.58 0.915
T8eT AsFgy 16818 0.912
Fluoranthene PF 081.4 1.087
Fluoranthene AsFg 089.7 1.078
Fluoranthene 8bF, 965.4 1.108
Naphthalene PF 648.6 1.101
Naphthalene AsFg 684.0 1.088

relatively loosely packed PF , and AsF ¢ salts of TSeT are
semiconductors. }1¢

Given that (TMTSF) 2?'}{- (X=NO4) are formed under conditions
of kinetic control and are relatively loosely packed, it is
possible to speculate that more tightly packed phases of
TMISF with anions XX NO, may exist at values of charge
transfer different from 0.5. It is also of interest to in-
quire into reasons for the relatively loose packing of
(’I’M‘I‘SF)Z'-P X~ (X%xNO;), and several ad hoc possibilities are
now discussed. It should be borne in mind that the packing
analysis uses structural data at elevated temperature and
will not be useful for detailed interpretation of physical
properties.

Assuming that crystallographic Se-Se contacts are a

structural manifestation of the transverse band widths in
these solids, it is conceivable that the relatively loose
packing may allow the Se atoms to optimize their relative
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orientation. Theoretical discussions of the transverse
bandwidth have been givex}'_,19 and an experimental electron
density study of (TMISF),” AsF;~ has been performed.20

Since the linear chain crystal structures have positively
charged cation-radicals packed on one another, the rela-
tively loose packing may allow some relief of local coulomb
repulsion. This suggestion may be tested by a systematic
study of Madelung energies of these solids. The Madelung
energy of (TMTSF)zf PFG' has been calculated.?!

It may be relevant to recall that the inorganic supercon-
ductors with relatively high transition temperatures have
kinetically controlled crystal structures. It is con-
ceivable that this may also be a feature of the crystal
structures of organic superconductors.

Given the novel structural and electrical properties of the
TMTSF salts, it is important to recognize that numerous
other organochalcogen donors with molecular properties
comparable or superior to those of TMISF either have been
or can be synthesized. The crystal structures of ion-
radical solids derivable from these additional donors will
exhibit nonbonded dinteractions different from those of the
TMTSF solids, and their preparation and characterization
will lead to a fuller understanding of this class of
materials.

The size of AsF .~ used in the packing analysis22 is in
accord with current views of structural models for con-
ducting polymers.2?

A DIRECT SYNTHETIC APPROACH TO AROMATIC SELENIUM AND
TELLURIUM MATERIALS

The topics discussed below are related by the method used
to synthesize the materials. We have developed a direct
broadly applicable approach to the synthesis of aromatic
molecular and supramolecular selenium and tellurium
materials.?* The first step in our procedure involves
reaction of an alkali metal directly with selenium or
tellurium in either 1:1 or 2:1 ratios in dipolar aprotic
solvents, thus avoiding liquid ammonia which 1s widely used
to prepare these reagents. These alkali chalcogenide
reagents undergo facile reaction with aromatic halides
which are not activated for a nucleophilic substitution.
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Using this approach, we have been able not only to syn-
thesize new molecular and polymeric materials, but we have
also developed one step syntheses of known materials which
had previously been prepared by multistep routes.

TETRATELLUROTETRACENE (TTeT)

The synthesis of TTeT and the expected shift of its solution
and solid state spectrum to lower energiles compared to

TSeT have been reported.7b A comparative study of the
solution properties of the cation-radicals of the three
tetrachalcogenotetracenes has been carried out using cyclic
voltammetry and electron spin resonance.>® In benzonitrile
solution, analogous to its lighter chalcogen analogs, TTeT
exhibits two reversible one electron oxidations, but is
oxidized at slightly lower potentials. The dichloromethane
solution esr spectrum of TTeT® reveals no hyperfine split-
ting, a linewidth of 20 Gauss, and an isotropic g wvalue of
2.0588., These observations are attributed to increasing
spin-orbit interaction as one moves from lighter to heavier
chalcogens.

TTeT is a monoclinic crystal whose structure exhibits a
uniform linear chain array manifested by a b'lattice con-
stant of 4,3648 and rather short interstack Te-Te contacts
of 3.7018.7 After it was noted that both TTIT and TTeT had
a lattice constant which was twice the van der Waals radius
of the relevant chalcogen, while the known vapor grown TSeT
phase lacked such a lattice constant, a polymorph of TSeT
whichsis isomorphous to TTeT was isolated and character-
ized.

Ion-radical solids of TTeT prepared by interaction with
iodine, TCNQ, CuCl,, and CuBr, have polycrystalline con-
ductivities in the range 10~! to 1(ohm-cm)~l. The solids
from TCNQ, CuCl,,2® and CuBr,?® appear to be isomorphous
to TSeT (TCNQ),, (TSeT),t C1~, and (TSeT),Br-, as judged
by X-ray powder diffraction. Occasionally, elemental Te
is detectable in the powder patterns of the solids derived
from TTeT. Additionally, samples of "(TTeT){fCI"'
typically contain ca. 0.1% Cu, easily detected by emission
spectra. TFor example, a sample found free of elemental Te
by X-ray powder analysis was found to have the composition
Ci7,7Hq, aTeyCly, ,Cuy, ps by elemental analysis. It is con-
cluded that the samples of ilon-radical solids of TTeT pre~
pared to date are unlikely to be crystallographic single
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phases. In view of the preceding observation, it is of
interest to inquire into the homogeneity of analogous TSeT
phases. A sample of (TSeT)zt'Cl‘ » prepared from TSeT and
CuCl, as described by Eremenko, et al. ,27 and identified by
X-ray diffraction, was found by ‘emission spectrographic
analysis to contain amounts of Cu comparable to the TTeT
samples noted above. This observation reinforces the per-
spective® that the intrinsic properties of (TSeT)z- X
(X=Cl, Br) have not yet been observed, and improved syn-
thetic routes are required. We have been able to prepare
(TSeT)zf'Br' by anodic oxidation.

POLY-P-PHENYLENE SELENIDE (PPSe)2® AND-TELLURIDE (PPTe)>"

The selenium and tellurium analogs of the thermoplastic
poly-p-phenylene sulfide (PPS), a thermoplastic of addi-
tional interest as an example of a polymer without a con-
tinuous conjugated carbon w-system which is rendered conduc-
tive when exposed to strong oxidants, have been synthesized.
The electronic spectra of PPSe and PPTe exhibit maxima near
300 nm and tail into the visible. While X-ray diffraction
of PPSe iIndicates a crystal structure isomorphous to PPS,
PPTe appears to have a different structure. Analogous to
PPS, PPSe undergoes a weight increase of 40-457% on exposure
to AsF., becomes crosslinked and reaches a room tempera-
ture conductivity of 10”2 (ohm-cm)-1, a slightly lower value
than attained by PPS. Compared to PPS, our samples of PPSe
have shorter chain lengths and more intrachain disorder due
to the presence of diselenide bonds.

CONFORMATIONAL POLYMORPHISM2® OF BIS(2-NAPHTHYL)DITELLURIDE

Two polymorphs of bis(2-naphthyl)ditelluride were initially
identified by their melting behavior and powder diffraction.
The solid of m.p. 116-118° is designated "Polymorph A",
while the higher melting (122-124°) form is termed
"Polymorph B . Solution grown single crystals of each
polymorph Were obtained.

The crystallographic and X-ray data collection parameters
are given in Table II. Polymorph A exhibits a "transoid"
molecular conformation (Figure 1); “further, the inter-
molecular Te-Te contacts are not unusually short. A
"transoid" conformation has not been perviously observed
in the structural chemistry of aromatic ditellurides.
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TABLE II2 (Crystal data for bis-(2-naphthyl)ditelluride.

Polymorph A Polymorph B
. Monoclinic Monoclinic
Space Group P2;/n C2/c
a 8.406(3) & 36.654(11) &
b 6.304(2) & 7.840(2) &
c 31.960(9) & 12.084(4) &
B 95,08(3)° 104.56(3) &
v 1687 &3 3361 &3
z 4 8
No. of Reflections
F > 3.920 (F) 1582 1830
2@max (MoKa) 42° 45°
R 0.055 0.036

a At the present stage of refinement, Te atoms have been
assigned anisotropic thermal parameters, C atoms
isotropic thermal parameters, and H atom contributions
have not been included.

Downloaded by [Tomsk State University of Control Systems and Radio] at 11:17 21 February 2013

Polymorph B, which has the "cisoild" conformation, exhibits
rather short intermolecular Te-Te contacts (Figure 2). It
is noteworthy that these contacts are among the shortest
Te-Te contacts observed.”»?°:3! However, in the latter
cases, the observed contacts occur in cyclic Te compounds,
while in the present case, the short contacts occur between
Te atoms in an acyclic environment.

Diffuse reflectance of Polymorphs A and B reveals broad
maxima at 400-410 nm, a slight red shift compared to the
solution spectrum, while Polymorph B exhibits a shoulder
near 500 nm found neither in solution nor in Polymorph A.
The short intermolecular Te-Te contacts found in Poly-
morph B suggest the structural origin for this additional
spectral feature.
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Polymorph A. The packing of transoid
molecules in stacks along the crystallo-
graphic a direction is shown. The
shortest Te-Te intermolecular Te-Te
distances are: a = 4.128; b = 4.413 &.
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Figure 2.
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Polymorph B. The packing of cisoid
molecules in stacks along the crystallo-
graphic b direction is shown. Inter-
molecular Te-Te distances are: a = 3,707,
b = 4.002 4.
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