Russian Chemical Bulletin, Vol. 45, No. 5, May, 1996 1107

New organic metals: radical cation salts of bis(ethylenedioxo)tetra-
thiafulvalene with halide mercurate anions
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Radical cation salts with halide mercurate anions were obtained by the electrochemical
oxidation of bis(ethylenedioxo)tetrathiafulvalene (BEDO-TTF), and their conductivity was
studied. The compounds (BEDO-TTF),Hg,X; (X = Cl or Br), (BEDO-TTF),Hg, ;lg, and
(BEDO-TTF),HgBr; possess the conductivity of the metallic type down to helium tempera-

tures.
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In the synthesis of organic radical cation salts, even
small changes in the cationic or anionic component of the
salt affect substantially the structure and properties of the
compounds. Recently it was found that mercury halides in
the salts of bis(ethylenedithio)tetrathiafulvalene (ET) form
anions of various compositions, structures, and charge
states, which provides a variety of electroconducting prop-
erties of radical cation salts of ET with halide mercurate
anions: from semiconducting to superconducting proper-
ties (see Ref. | and works cited therein). Therefore, it was
of interest to study the effect of the substitution of ET in
the cationic component for bis(ethylenedioxo)tetra-
thiafulvalene (BEDO-TTF), analog of ET containing O
atoms in the six-membered cycles, on the properties of
radical cation salts with halide mercurate anions.

Several known BEDO-TTF radical cation salts are
characterized by the conductivity of the metallic type.2—4
The compounds (BEDO-TTF);Cu,(CNS), 5 and
(BEDO-TTF),Re0, - H,0 $—8 undergo the transition to
the superconducting state, and the structures of BEDO-
TTF salts differ substantially from ET ones with the
corresponding anions.#357.8

In this work we report on the synthesis of new BEDO-
TTF radical cation salts with halide mercurate anions and
the study of their conductivity.

Experimental

All radical cation salts were obtained by the electrochemical
oxidation of BEDO-TTF solutions in 1,2-dichloroethane using
Bu,NHgX; or Bu,NHgX;—HgX, system as supporting electro-
lytes at room temperature. The salts were formed on a Pt anode
as single crystals (Table 1). The electroconductivity of crystals
was measured by the standard d.c. four-probe method.

The composition of iodo- and bromomercurates determined

by the elemental analysis was confirmed by electron probe
microanalysis.

Results and Discussion

Preparation of BEDO-TTF salts, which possess con-
ductivity of the metallic type, using KX—crown ether—
HgX, mixtures (X = Ci, Br, I) as supporting electrolytes
has been previously reported.4 However, the composition
and structure of the products have not been determined.
We used the supporting clectrolytes of the composition
Bu,NHgX, (X = Cl, Br, I) obtained by the procedure
described previously.? The electrochemical oxidation of
BEDO-TTF in the presence of these supporting electro-
lytes at the current densities of 2—4 pA cm™2 and 293 K
made it possible to isolate compounds of the composition
(BEDO-TTF),HgX; in the individual state formed as very
thin needles. In the case of ET, tribromo- and
trichloromercurates of similar stoichiometry always con-
tain a solvent,!®1! and only the composition of the ET
salt with the Hgl,™ anion (see Ref. 12) completely coin-
cides with the compositions of the BEDO-TTF salts
obtained.

To synthesize the BEDO-TTF salts with the
[Hg;Xg]>~ anions, HgX, was added to the supporting
electrolyte Bu,;NHgX;. The complex formation occurring
here cause the presence of different anions in the solution.
It should be emphasized that when the solution contains a
set of anions, crystals of the radical cation salts that
possess a high electroconductivity, grow on the anode
upon electrocrystallization, and conducting compounds
of differing composition can be formed simultaneously.
The salts of stoichiometric and nonstoichiometric
composition, (ET),Hg;Xg, >4 (ET) Hg, 44Bry, ¥ and
(ET) Hg, 74Cl,1 as a rule, in a mixture with the salts
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Table 1. Conditions for the synthesis of halide mercurates of BEDO-TTF

Concentration /mmol L~! T Fad Product Found (%)

BEDO-TTF Bu,NHgX; HgX; /°C  /uA cm™? (form of crystals) Calculated

X) C H

2.5 3.0 (D) - -20 4 (BEDO-TTF),Hgl, 2007 132

(needles) 19.71 1.31

1.7 I.5(Br) —  ~20 2 (BEDO-TTF),HgBr, 2259 2.09

(needles) 22.20 1.48

V30 20(Cl) —  ~20 2 (BEDO-TTF),HgCl, 2542 L70

B (fibers) 2535 1.70

3.3 2.0 (I 400 23 2 (BEDO-TTF)Hg; slo 1581 125

(plates) 15.45 1.02

2.5 1.5(Br) 075 13 2 (BEDO-TTF),Hg;Brg 19.51 106

(plates) 19.04 1.28

3.0 1.7(Cl) 085 ~20 60  (BEDO-TTF)4Hg;Cly, 2203 L.53

(plates) 22.10 1.48

* Current density.

(ET),HgX, - nS were obtained from ET under these con-
ditions. To prepare individual compounds of BEDO-
TTF, we studied the phase composition of the
electrocrystallization products depending on the ratios of
the components of the supporting electrolyte, Bu,NHgX,
and HgX,. The varation of BuJ,NHgBr; : HgBr, molar
ratio from 1.0 : 0.2 to 1.0 : 0.5 made it possible to
establish that single crystals only of the composition
(BEDO-TTF),Hg;Br; are formed at current densities
from 2 to 4 pA cm™2 and a ratio of the components of 1.0
: 0.5. A decrease in the amount of HgBr, always results in
the formation of a mixture of (BEDO-TTF),HgBr; and
(BEDO-TTF),Hg,Br.

In the case of Bu,NHgl, and Hgl,, a much greater
amount of Hgl, is required to prevent the formation of
the salt (BEDO-TTF),Hgl,. When the current density is
equal to ~4 pA cm™* and Bu/,NHgl; : Hgl, = 1 : 2
(mol/mol), the growth of (BEDO-TTF),Hgl, crystals
completely ceases, and only (BEDO-TTF),Hg, ¢, crys-
tals are formed on the anode. It can be assumed that the
[Hg,llgl“‘ anion is formed due to the coordination of two
[Hg,;lg]?~ anions with the Hgl, molecule. It is likely that
this is the reason for the necessity of considerably greater
amounts of Hgl, than those of HgBr,.

When the chloromercurate system Bu,NHgCl;—
HgCl, is used, BEDO-TTF is gradually chemically oxi-
dized by mercuric chloride in the solution. The precipitate
formed in the bulk of the electrochemical cell (not on the
anode) at the molar ratio BuyNHgCl; : HgCl, = 1 : 2 has
the composition of (BEDO-TTF) Hg,Cl|,. To increase
the rate of the electrochemical oxidation of BEDO-TTF
compared to that of the chemical oxidation, we increased
the current density (~60 pA cm™?) at the ratio
Bu,NHgCl, : HgCl, = 1.0 : 0.5 (mol/mol) and obtained
only (BEDO-TTF),Hg;Cl; crystals on the anode.

Thus, varying the composition of the electrolyte and
current density, we succeeded in isolating the radical
cation salts of BEDO-TTF with the anions {HgX,|™,
[Hg;Xgl?™, and [Hgy slo]2™.

Electroconductivity. The conductivity (o) of the
(BEDO-TTF),HgBr; salt at 293 K is 500—-700
Ohm—! e¢m™!, and the o values of the other compounds
range from 10 to 200 Ohm~!' cm™!. The attempts to
measure the electroconductivity of (BEDO-TTF),HgCl,
crystals, which are thinnest fibers, were unsuccessful.

The temperature dependences of the resistance of
single crystals of the salts obtained were studied in the
range from 293 K to helium temperatures. Many re-
searchers mention that the BEDO-TTF salts are charac-
terized by the appearance of jumps on the resistance
curves (so-called cracks that are likely caused by internal
strains in crystals) as the temperature decreases.348 Simi-
lar phenomena were also observed for halide mercurate
salts of BEDO-TTF.

The compound (BEDO-TTF),Hgl; manifests the me-
tallic character of the temperature dependence of the

R(T)/R,
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Fig. 1. Temperature dependences of the relative resistance for
(BEDO-TTF) Hg, 5l (/) and (BEDO-TTF),Hgl; (2.
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Fig. 2. Temperature dependence of the relative resistance for
(BEDO-TTF) Hg,Clg: I, cooling; 2, warming; 3, cooling at
p = 0.5 kbar; 4, warming at p = 0.5 kbar.

resistance and at ~75 K undergoes the metal—insulator
transition (Fig. 1, curve 2). The ET salt of similar stoichi-
ometry is a semiconductor.!2

No dielectrization occurs in the salts of the composi-
tion (BEDO-TTF),Hg;X; (X = Cl or Br) and
(BEDO-TTF),Hg, 51y as the temperature decreases down
to 1.5 K (Figs. 1--3, curves I). The values of the decrease
in the resistance at 5 K (R,q,/Rs) are 20, 65—280, and 5
for X = Cl, I, and Br, respectively.

The curves of the temperature dependences for
(BEDO-TTF),Hgl; and (BEDO-TTF),Hg; sly coincide
completely in the range of 297—75 K. The divergence of
the curves at 7" < 75 K is likely associated with the
different effects of the anion on the conducting layers.
The temperature dependences of the resistance of the salts
with the anions [Hg;Clg]*~ and [Hg, ;I;]*~ are very simi-
lar (see Figs. 1 and 2, curves I). Two regions can be
distinguished on these curves: the region with the smooth
decrease in the resistance at the temperatures from 293 to
60 K (X = Cl) or 75 K (X = I) and the low-temperature
region, where the decrease in the resistance accelerates
and then reaches a flattened minimum at ~5 K. The
curve of the temperature dependence of
octabromomercurate (see Fig. 3, curve 1) is distinguished
by the appearance of a maximum in the range of ~75 K.
At low pressure (~0.5 kbar), the maximum is completely
suppressed (see Fig. 3, curve 2), and the temperature
dependence for bromomercurate becomes similar to those
for chloro- and iodomercurates. Thus, in the temperature
range from 293 to 1.5 K, the salts (BEDO-TTF) Hg;X;
(X = Cl, Br) and (BEDO-TTF),Hg; 5l4 are metals. In the
ET salts of similar stoichiometry, the metallic state is less
stable with respect to both the transitions of the metal—
insulator type (7py_; = 262 and 20 K in the salts

1.2
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Fig. 3. Temperature dependence of the relative resistance for
(BEDO-TTF),Hg;Bry: 1, at atmospheric pressure; 2, at p =
0.5 kbar.

(ET),Hg;Xg at X = I and Br, respectively!314) and the
metal—superconductor transitions (7, = 4.3 K for
(ET),Hg, g¢Brg 1> and 7, = 1.8 K at p = 12 kbar for
(ET) Hg, ;5Clg 16,

It is noteworthy that hysteresis, the reasons for which
are not quite clear, was observed in all measurements of
the (BEDO-TTF), Hg;X; and (BEDO-TTF),Hg, l, salts.
When the samples are heated from helium temperatures
up to 293 K, the patterns of the resistance curves coincide
completely in the range below 60 K (X =Cl) or 75 K (X
= Br, ). The low-temperature phase retains as the tem-
perature increases further, and the heating curves differ
substantially from the cooling ones, as it is seen in Fig. 2
(curve 2) for chloromercurate. When the pressure (0.5
kbar) is applied, the divergence in the cooling and heating
cycles persists at temperatures higher than 60 K (see Fig.
2, curves 3 and 4).

These results show that the metallic state in BEDO-
TTF halide mercurates in the temperature range from 293
to 1.5 K is more stable than in the case of halide mercu-
rates of ET.
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