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Abstract. Methods for the synthesis and the electronic and
crystal structures of neutral and anionic isotrithionedithio-
late transition metal complexes are considered. The unusual
electrophysical, magnetic and optical properties of these
complexes, including superconducting structures, spin-lad-
der structures and nonlinear optical materials, are analyzed.
The bibliography includes 129 references.

1. Introduction

Isotrithionedithiolate complexes (complexes with the 1,3-
dithiol-2-thione-4,5-dithiolate ion, C3S?~, dmit) were
described for the first time in fundamental studies by
Steimecke and Wawzonek -2 (the abbreviation dmit origi-
nates from the obsolete name for the sulfur-containing
heterocycle, dimercaptoisotrithione).

The reduction of carbon dioxide can give oxalates,?
carbon monoxide, formic acid or methanol.# The authors
of the studies ! 2 investigated the possibility of the synthesis
of tetrathiooxalates by chemical (with alkali metals)! or
electrochemical > reduction of carbon disulfide. In both
cases, the reduction affords a cherry-red solution containing
a mixture of trithiocarbonates and dmit:

4CS, +4e~ — > CS} +Ci8% . 1)

Depending on the reactions conditions, the isomeric
product, the trithionedithiolate (dmt) ion, can be obtained.
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Since simple salts of the composition Ctodmit (Ct is a

singly charged cation) are easily oxidized by atmospheric
oxygen, zincate complexes Cty[Zn(dmit),] have found use.
The latter compounds are stable during storage in air and
are readily involved in the exchange reactions with tran-
sition metal (M) salts or organic halogen derivatives to form
both cyclic and linear addition products:

Cty[Zn(dmit);] + MHal, —> Cty[M(dmit),] + ZnHal,,

Cty[Zn(dmit),] + 4 BzHal —> )

S SBz
—> Cty[ZnHals] + 2 S:< I
S

Cty[Zn(dmit),] + 2 HalCH,CH,Hal —>

S S
—> Cty[ZnHaly] + 2 S:< I j .
57 s

The resulting thiones are convenient reagents for the
synthesis of tetrathiafulvalene (TTF) derivatives, in partic-
ular, of bis(ethylenedithio)tetrathiafulvalene (ET).

(LX)

In the early 1980s, ET-based organic superconductors
were synthesized.> ¢ Since that time, studies of ET radical
cation salts (RCS) are going on.”-3

In 1986 the charge-transfer complex (CTC) of the
composition TTF[Ni(dmit),], was synthesized. This com-
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plex exhibits metallic properties and undergoes a transition
to the superconducting state at Tc = 1.62 K.°

S S S S S S
N/
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S S S s s S 8
TTF[Ni(dmit)a]>

Shortly after, superconductors based on mixed-valence
dmit complexes, such as (MesN)o s[Ni(dmit),]'® and b-
MeyN[Pd(dmit)y]»,!" were synthesized. The properties of
dmit complexes, including superconducting complexes, were
described in 1999 in reviews.!>~ 4 In 2004 the monograph
‘Dithiolene Chemistry. Synthesis, Properties, and Applica-
tions’ was published.!® Unfortunately, certain issues were
not included in these reviews. Besides, methods for the
synthesis of dmit complexes were inadequately considered.

Considerable progress has been made in the chemistry of
dmit complexes. In recent years, the nonlinear optical
properties of dmit complexes have been discovered.!¢—20
Besides, it was found that these complexes can form
magnetically ordered structures, including spin ladders.?!-2?
In addition, dmit complexes can be used as near-infrared
photodetectors. In 2000 superconducting Langmuir—
Blodgett films based on the (n-C;sHz9)MesN[Au(dmit)s]
salt were discovered.?* The fields of application of dmit
complexes are considered in detail in the monograph.!'?

Hence, a new field of materials science has emerged ased
on the chemistry of dmit and its analogues. This was the
impetus for writing a review on the current state of the
problem. The aim of the present study is to analyze the
crystal structures of dmit complexes and the influence of the
nature of transition metals and outer-sphere cations on their
structures and the chemical, electrophysical, magnetic and
optical properties. Emphasis is given to a comparative
analysis of synthetic methods, because the industrial pro-
duction of these complexes is an important problem.

I1. Methods for the synthesis of
isotrithionedithiolate complexes

There are currently two methods commonly used for the
synthesis of dmit complexes.'> 1> Both methods are based
on the reduction of carbon disulfide with sodium in dime-
thylformamide according to the reaction (1). The salt
Nasdmit that formed is isolated from the reaction mixture
and separated from sodium trithiocarbonate by the addition
of the ammonium complex of zinc chloride (this is necessary
because the reaction medium is highly alkaline).

2 Nardmit + [Zl’l(NH3)4]C12 —
—> Nay[Zn(dmit),] + 2NaCl + 4 NH3;.

The zincate that formed is isolated from the reaction
mixture by the addition of a solution of a salt with a large
cation, because the solubility of dmit complexes decreases
with increasing size of the outer-sphere cation. For this
purpose, tetracthylammonium salts are most often used.

2 Et4NBr + Nay[Zn(dmit),] —>
—> (Et4N)2[Zn(dmit),]| + 2 NaBr.
After the separation of the precipitate of the complex

salt, tetrabutylammonium salts are added to the mother
solution. As a result, an additional amount of the complexes

with a larger outer-sphere cation can be obtained, which
leads to an increase in the total yield of the product.

2 BujNBr + Nay[Zn(dmit),] —>
— > (BuiN)y[Zn(dmit),]| + 2 NaBr.

According to our estimates, the yield of ~60% can be
obtained in this case. The complexes synthesized according
to this procedure contain impurities of the isomeric com-
plexes Ct>[Zn(dmit)(dmt)] and Cty[Zn(dmt),]. The product
is purified by chromatographic methods.

The zinc complexes Ct>[Zn(dmit),] are then used for the
synthesis of complexes with other transition metals.

Cty[Zn(dmit)vz] + MXs ——> Cto[M(dmit)s] + ZnXs.

This reaction is efficient only if the metal (M) belongs to
bases softer than zinc. For this reason, this method is
unsuitable, for example, for the synthesis of manganates
Ctx[Mn(dmit),]. In addition, the method is inefficient in the
synthesis of complexes with small outer-sphere cations. This
is why this reaction is used primarily for the synthesis of
complexes with such bulky outer-sphere cations, as tetraal-
kylammonium, tetraphenylphosphonium and tetraphenyl-
arsonium.

An alternative method is based on the use of the
dibenzoyl derivative of dmit, viz., 4,5-bis(benzoylthio)-1,3-
dithiol-2-thione, which is generated in the reaction of
Cty[Zn(dmit);] complexes with benzoyl chloride [reac-
tion (2)]. The dmit complexes are then synthesized accord-
ing to the following scheme:

S SBz
NaOMe, MeOH . M2*,Ct", MeOH
([ Ny M,
S SBz

—> Cto[M(dmit),].

The synthesis according to this procedures gives benzoic
acid or its methyl ester as a by-product; the yield is
determined by the yield of the zincate complex. The method
includes three steps:!'> (1) the formation of the simple
Na,dmit salt by the reaction of the dibenzoyl thio derivative
of dmit with a sodium methoxide solution; (2) the forma-
tion of a complex salt by the addition of an ethanolic or
aqueous solution of a simple transition metal salt {for
example, NiCl,-6H>O; in this case, the complex salt
Na,[Ni(dmit),] is obtained}; (3) the addition of an ethanolic
or aqueous solution of a salt of the quaternary ammonium
or phosphonium base. The (Alk4N)>[M(dmit);] complex
that precipitates is recrystallized from acetonitrile.

This method can be used also for the synthesis of the
anhydrous complexes Csy[M(dmit);] and (MesN)o.
.[M(dmit),] stable to atmospheric oxygen.!>

Based on these complexes, mixed-valence complexes can
be synthesized. For this purpose, the oxidation with an
iodine solution is used.

Ct[M(dmit),] + %‘ I, —> Cty_[M(dmit)] + x Ctl.

As was shown in 1989 by Neiland ez al.,? the oxidation
of Cty[Zn(dmit),] complexes with an iodine solution affords
isotrithionedithiol (CsS19, 1), to which the polymeric struc-
ture (C3Ss), was assigned. According to our data,?®—28 this
method gives isotrithionedithiol as a mixture of polymeric
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and dimeric products, the content of the latter being
increased as the temperature of the reaction mixture is
lowered so that only the dimer is produced at temperatures
below 0 °C.27-28

(AlN)Zn(dmit)s] + 2T, —=
s A5 s
— s:< :{ ji D=S + (AlkiN){Znl.
57N S
1

Dimer 1 adopts a chair conformation;?® single crystals
of 1 can be grown from a solution in benzene or carbon
disulfide.

Five years after the publication of the study,?® isotri-
thionedithiol was described by Rauchfuss and co-workers 2°
(without referring to the studies of the predecessors); the
authors synthesized this compound by the oxidation of the
zincate complexes Cty[Zn(dmit),] with sulfuryl chloride. In
spite of the obvious drawbacks (the necessity of using
thoroughly dried aprotic solvents, difficulties with the iso-
lation), the method for the synthesis of isotrithionedithio-
late with the use of sulfuryl chloride was described as the
only method in the chapter ‘Synthesis of Transition Metal
Dithiolenes’ written by Rauchfuss in the monograph.!> The
yield of the target product in this method was not higher
than 74%,%° whereas the use of iodide results in the nearly
100% yield.

The incorrect citation of the original publications in the
monograph !> led to subsequent incorrect references. For
example, the authors of the study 3° synthesized isotrithio-
nedithiol according to the method developed by Neiland
et al.,? but they referred to Svenstrup and Becher.?! In the
same study, the authors used isotrithionedithiol for the
preparation of alkyl derivatives of 4,5-ethylenedithio-1,3-
dithiol-2-thione by the reaction of compound 1 with alkenes
described in the study,?® but referred to the study by Kini
et al.??> published in 1999.

The authors of the review published in 1994 discov-
ered 2° the reaction of dimer 1 with hydrazine in an alkaline
medium, which allows the preparation of dmit complexes
with any outer-sphere cation and central atom in nearly
100% vyields. Based on this reaction, a new efficient method
for the synthesis of dmit complexes, which has virtually no
limitations, was developed.?’-28 Since this method was not
described in the reviews 213 and the monograph!° [in the
monograph,!® it was only mentioned that the (C3Ss)y
polymer or the (C3Ss)3~ dianion can, in principle, be used
for the synthesis of dmit complexes], let us briefly describe
this procedure.

When performing the reduction of carbon disulfide with
sodium, the temperature in the flask should be maintained
below 0 °C (in this case, the isomeric product Na,dmt does
not form and there is no need in the chromatographic
separation of isomers). After the completion of the reaction,
a methanolic solution of iodine can be added, after quench-
ing of an excess of sodium with methanol, directly to the
reaction mixture until a yellow-brown precipitate of C¢Sjo,
which is almost insoluble in most of usual solvents, ceases to
form. The dimer is poorly soluble only in carbon disulfide
or benzene, from which it can be recrystallized to obtain
crystals suitable for X-ray diffraction.

The dimer can be used for the synthesis of simple
Ctodmit salts by the reaction

CeSi10 + NoHy + 4CtOH —— 2 Ctadmit + N1 + 4 H,0.
1

As can be seen from the equation of the reaction, the
solution contains the pure simple salt Ctodmit (this method
can be used also for the preparation of Li,dmit, which is
most difficult to synthesize). These salts can be obtained in
the pure form by distilling off a water —methanol mixture in
vacuo.

To synthesize dmit complexes, transition metal salts are
added to the resulting solution:

2Ctydmit + MX> —»> Ct[M(dmit),] + 2 CtX.

The yield of the Cty[M(dmit);] complexes is close to
100% regardless of the nature of the outer-sphere cation (in
other known methods, the smaller the outer-sphere cation,
the lower the yield).

This method allowed us to synthesize for the first time
the Ctz[M(dmit)z] complexes, where M = Mn, Fe, Co, Cu,
Hg; Ct = Li, Na, K, Rb, Cs,?® which are difficult, if at all,
to prepare by other methods.

It is interesting that the complexes of 1,3-dithiol-2-one-
4,5-dithiolate (C30S4, dmid) can also be obtained by this
method.

S S
o=( I

S S-

dmid

The dmid complexes are poorly known compared with
the dmit complexes due mainly to the difficulties of their
isolation from solution. For example, 425 dmit complexes
and only 43 dmid complexes were described in the review.!?

The oxidation of simple dmid salts with an iodine
solution affords a pale-yellow precipitate of dione 2
(C(,OzSg)Z

2Na2dmid + 212 —> 4Nal + C(,OzSg.
2

Unlike CeS10 (1), the latter dimer is unsymmetrical: two
thiol rings are linked by sulfide bridges of different
lengths.?®

O, S S S =0
e

S\S/S
2

We showed ?7 that this dimer is also easily reduced by
hydrazine in an alkaline medium to form dmid salts:

C6058g + NoHy + 4CtOH ——> 2 Ctodmid + NaT + 4 H,O.
2

The above-described method is suitable for the synthesis
of both simple and complex salts Cto[M(dmid),] in nearly
100% yield. Other methods can be used for the preparation
of complexes only with bulky outer-sphere cations.

The oxidation of virtually all Ctx[M(dmit),] complexes
(except for zincates) with a stoichiometric amount of iodine
affords Ct[M(dmit)] complexes. The reaction with an
excess of iodine gives mixed-valence complexes, whose
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composition depends on the nature of the outer-sphere
cation. For example, the oxidation of the Et4N[Ni(dmit);]
complex with an excess of iodine affords the complex of the
composition (Et4N)o s[Ni(dmit),],3* whereas the oxidation
of the analogous complex containing the outer-sphere
tetrabutylammonium cation gives the complex of the com-
position (BujN)o.20[Ni(dmit),].3# 3¢ It should be noted that
the Ct,[M(dmit),] complexes have primarily the 2:1 or 1:1
stoichiometry.!3 By contrast, it was shown 28 that complexes
with small outer-sphere cations are characterized by a larger
diversity of compositions (Table 1).

Table 1. Products of the reaction Cto[M(dmit),] + 15 .28

Ct M  Complex Ct M Complex
Li Mn Ligs[Mn(dmit),] K Co  K[Co(dmit),]
Na Mn [Mn(dmit),]-1.5H,O Rb Co Rb[Co(dmit),]
K Mn K[Mn(dmit),] Cs Co Cs[Co(dmit)s]
Rb Mn Rb[Mn(dmit),] Li Cu  Li[Cu(dmit),]
Cs Mn Cs[Mn(dmit)] Na Cu Na[Cu(dmit),]
Li Fe Lipss[Fe(dmit),] K Cu  K[Cu(dmit),]
Na Fe Nagas[Fe(dmit),] Rb Cu Rb[Cu(dmit),]
K Fe Ko.o[Fe(dmit);]-2.5MeCN, Cs Cu  Cs[Cu(dmit),]
Ko.os[Fe(dmit),] Li Hg Li[Hg(dmit)s]
Rb Fe [Fe(dmit),]-2MeCN Na Hg Na[Hg(dmit),]
Cs Fe Csps[Fe(dmit)y] K Hg K[Hg(dmit)s]
Li Co Li[Co(dmit),] Rb Hg Rb[Hg(dmit),]
Na Co Na[Co(dmit)] Cs Hg Cs[Hg(dmit),]

The nickel complexes with small outer-sphere cations
have some features different from those of the complexes
containing large cations.?” For example, the oxidation of a
solution of the Liz[Ni(dmit),] complex in acetonitrile with a
stoichiometric amount of an iodine solution affords the
Li[Ni(dmit)>] complex. The oxidation of the latter complex
in acetonitrile with an excess of iodine gives the complex of
the composition Lip s[Ni(dmit),], which is almost insoluble
in acetonitrile, but is soluble in dimethylacetamide. The
storage of this solution in air for two to three weeks results
in the formation of long thin needles of the Lig »7[Ni(dmit),]
complex. The latter is, in turn, almost insoluble in dimethyl-
acetamide due to which the solution turns colorless.

In some cases, oxidized dmit complexes are formed
immediately in the course of the synthesis. For example, in
attempting to synthesize the (BujN),[Pt(dmit),] complex,
the complex of  formally trivalent platinum,
Bu;N[Pt(dmit),], was isolated *® due to the autooxidation
(as the authors reported) of the initially formed
(Bu3N),[Pt(dmit),] complex. We synthesized the same com-
plex 3240 by the autoreduction of the [Pt(dmit),] complex,
which was prepared by the reaction of (BuyN)>[Zn(dmit);]
with (BujN),[PtClg]. In this case, the term autoreduction is
more correct because the complex of the formally tetrava-
lent platinum is reduced with an excess of the dmit>~ ion:

2[Pt(dmit),] + dmit>~ — 2[Pt(dmit)]~ + % (dmit),,

whereas in the study3® this complex formed as a result of
the oxidation with atmospheric oxygen.

The synthesis of dmit complexes with the use of the Fe
salts may lead to the formation of partially oxidized
products in the case of small outer-sphere cations.?® The

111

compositions of the complexes prepared by the reaction of
Ctadmit with iron(I11) chloride are given below.

Ct Complex

Li Lig 74[Fe(dmit),]
Na NaoA67[Fe(dmit)2]
K K[Fe(dmit),]

Rb Rb[Fe(dmit),]

Cs Cs[Fe(dmit),]

I11. Electronic and crystal structures of transition
metal isotrithionedithiolates

Most of dmit complexes belong to compounds, in which no
particular oxidation state can be assigned to the central
atom. This class of compounds includes the complexes of
2,2'-bipyridyl (bipy) with virtually any central atom.*! For
example, the neutral [Li(bipy).], [Be(bipy).], [Al(bipy)s] and
[Si(bipy)s] complexes can be synthesized.

Transition metal alkenedithiolate complexes containing,
for example, the 1,2-dicyanoethylenedithiolate ion (mnt?—)

or the stilbenedithiolate ion (st>~) have similar proper-
ties. 4244

NCIS Ph.__S
NCT s- PhJLS*
mnt2— st2—

These dithiolates react with transition metal salts to
form [ML,]*~ complexes with n varying from 0 to 2. The
problem of the electronic structure of these compounds may
be illustrated by an example of the [Ni(mnt)2] complex.
What oxidation state should be assigned to nickel in this
complex? By considering different forms of the ligand, the
nickel can have oxidation states from 0 to +4.

NC s CN NC. s s. _CN

NC CN NC CN
NC S S CN
N Y =
I Nj°
NC S S CN

In 1960s, the electronic structures of alkenedithiolate
complexes were extensively debated.*>-4® Finally, it was
suggested that these complexes should be considered as
metal-stabilized radical ionic systems.**47 In other words,
the oxidation of [ML,]?>~ complexes leads to a change in the
electron density on all atoms of the complexes, while the
electron density at the central atom may change only
slightly. These complexes are still of interest to researchers
(see, for example, the review %),

We face a similar problem when studying dmit com-
plexes. Actually, it is hard to agree with the fact that, for
example, cobalt, nickel or copper have the oxidation state
+ 3 in complexes of the composition Ct[M(dmit);]. For the
above-mentioned elements, this oxidation state is possible
only in complexes with ligands containing highly electro-
negative elements. It is even less reasonable to assign the
oxidation state +4 to nickel in the [Ni(dmit),] complex
described in the study.*
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The electronic structure of Ct,[Ni(dmit),] complexes was
investigated by X-ray photoelectron spectroscopy (XPS)
and quantum chemical calculations using the X, self-con-
sistent field method in the relativistic approximation.*® The
bond energies of the ES2p and ENi2ps/» levels were meas-
ured depending on n and the nature of the outer-sphere
cation. The calculations were performed for [Ni(dmit),]?—
species. According to the results of calculations, the bond
energies of 2p electrons of the nickel atom are virtually
independent of the nature of the outer-sphere cation and the
charge of the complex.

In addition, a change in the charge of the complex has
almost no effect on the electron density at the nickel atoms.
The oxidation of the complexes can even lead to an increase
in the electron density at the nickel atoms. The latter fact
can be easily explained by an increase in the conjugation in
the ligand and an increase in the order of the donor-
acceptor Ni—S bond.

Hence, the [M(dmit),]”~ complexes can be regarded in
the same way as other dithiolate complexes. Thus, they can
be considered as M!! complexes, and their oxidation may be
related to the oxidation of the coordinated ligand. In this
case, one would expect an increase in the conjugation of the
coordinated dmit moieties through the orbitals of the
central atom, which is favoured by the planar structure of
the complexes.

An analysis of the data published in the literature
shows3%-51 that [Ni(dmit),]?~ complexes have a planar
structure with the D,, symmetry regardless of the n value.
The data on the complexes with other central atoms are
scarce, and there are only a few structurally characterized
complexes. However, a knowledge of the structures of dmit
complexes is important for the design of new materials for
electronics based on these complexes. Thus, the mixed
valence and the planar structure are necessary conditions
for the formation of conducting complexes. If the structure
is strongly nonplanar, the complexes have a loose packing.
The dense packing provides a considerable overlap between
orbitals of the complexes, and the mixed valence is respon-
sible for the partial population of the band that formed, i.ce.,
of the conduction band.

We studied ?® the structures of the Ct,[M(dmit),] com-
plexes (M = Mn, Fe, Co, Ni, Cu, Hg) by IR spectroscopy
and quantum chemical calculation using the X, (PB X)
scattered wave method in the relativistic approximation for
two conformations of the complexes, viz., the planar (D2j)
and nonplanar (twisted, quasi-tetrahedral) (D»,) with the
metal in tetrahedral coordination. The well-known nickel
complexes were taken to validate the predictions of quan-
tum chemical calculations.

S S\ /S S
T
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N
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The symmetry of Ct,[M(dmit),] complexes can be deter-
mined from the analysis of their IR spectra.?® In the case of
the planar structure of the [M(dmit),] complex, 45 vibra-
tional degrees of freedom are distributed over the symmetry
types as follows (the spectra, in which the corresponding

vibrations are active, are given under the symbols of the
symmetry types):

G=8A;®3A,@7B1g®5B1u®2Bos ®8Boy ®4B3; 8By
Raman Raman IR Raman IR Raman IR

Hence, the IR spectrum of the planar [M(dmit),] com-
plex shows 21 lines, the same number of lines is observed in
the Raman spectrum; however, none of these lines is
observed in both spectra simultaneously (the rule of mutual
exclusion).

For the twisted conformation, there is the following
distribution of the symmetry vibrational modes:

G=T7A,
Raman

DA ®4B; DIB, @ 12E,

Raman IR,Raman IR,Raman

whereas the IR spectrum of the quasi-tetrahedral structure
shows 21 lines, and all of them are Raman active as well; the
Raman spectrum shows additional 11 lines. Hence, a
comparison of the IR and Raman spectra of [M(dmit),]"~
complexes is sufficient for the determination of their sym-
metry.

The vibrational frequencies depend in a certain way on
the charge n of the complex. The dependence of the
frequency of totally symmetric vibrations A, for the planar
structures (Dz;) of the [Ni(dmit),]”~ and [Pd(dmit)]”—
complexes on the charge n was analyzed.>> Table 2 gives
the A,-type vibrational frequencies of the above-mentioned
complexes with different n.

Table 2. Vibrational frequencies A, (in cm~') for [Ni(dmit),]"~
complexes.>?

n Ad A2 A3 A4 AS A6 AT A

[Ni(dmit),]"~
0 1329 1051 950 496 488 364 343 140
03 1346 1055  — 504 486 363 344 138
0.5 1357 1071 946 513 481 360 340 134
1 1403 1052 933 507 478 358 338 137
2 1435 1046 907 521 466 351 323 128
[Pd(dmit)s]"~

0.5 1354 1078  — 515 485 364 345 140
1 1400 1053 924 515 476 363 342 129
2 1445 1054 900 525 466 355 338 123

As can be seen from Table 2, only the frequency of the
A,l vibration in both complexes depends in a particular
way on the charge of the complexes. Based on the analysis
of the Raman spectra of the planar [M(dmit),]?~ com-
plexes, this vibration is assigned to vibrations of the C=C
bond.5? The linear dependence is observed for the A,l
vibrational frequency (in cm—!) for the [Ni(dmit),]?~ com-
plexes

v =1332 + 54.7n (R = 97.8%),
and for the [Pd(dmit)>]?~ complexes

v =1336.5+ 51.3n (R = 96.4%).

Therefore, the charge of the complex can be determined
from the measured A,l vibrational frequency . The vibra-
tions of Ay symmetry are forbidden in the IR spectra

because they have zero electric dipole transition moments.
However, the situation changes if crystals of the complexes
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have substantial electrical conductivity. In this case, the
totally symmetric vibrations are not only observed but are
also the most intense in the IR spectra.

The main ideas of the theoretical interpretation of this
phenomenon were formulated in 1961 in the study by
Fano,>® who considered an abstract problem on the inter-
action of a discrete spectrum with a continuum and showed
that this interaction gives sharp characteristic asymmetric
peaks in the excitation spectrum manifested as resonances
or antiresonances.

This phenomenon was observed for the first time in the
IR spectra of the conducting 7,7,8,8-tetracyanoquinodime-
thane (TCNQ) radical anion salts (RAS).

NC CN
NC CN
TCNQ

The vibrational structure lines for these RAS are
observed against the background of an electronic contin-
uum (corresponding to intra- and interband transitions). In
addition, there are  broad, abnormally intense
(10—100 times more intense than normal absorption
bands) lines, which are absent in the IR spectra of TCNQ
and its poorly conducting RAS. Figure 1 shows the IR
spectra of TCNQ radical anion salts of different types.

The theory of IR spectra of highly conducting TCNQ
radical anion salts was developed in the studies.>>~>% Based
on the study by Fano,>3 the authors of these investigations
showed that in TCNQ-based narrow-band semiconductors
or metals, the conduction electrons, whose wave vectors are
polarized along the stack of radical anions, interact with
totally symmetric vibrations Ay of TCNQ. In this case, the
IR-inactive vibrations A, become active. The excitation of
intramolecular vibrations of A, symmetry is accompanied
by emission or absorption of acoustic phonons involved in
the energy transfer from electronic excitations to intra-
molecular vibrations of A, symmetry.

More recently, we observed >® a similar effect in the IR
spectra of dibenzotetrathiafulvalene (DBTTF)-based radi-
cal anion salts (narrow-band semiconductors or metals).

L =10

DBTTF

Absorbance (arb.u.) a
0.6 [

04 r

02 r

0

Absorbance (arb.u.) b
1.0 [

08
0.6 [
04

02 r

0

Absorbance (arb.u.) ¢

1.0
08
0.6 [
04

02

0" 1 1 1 1 1 1 1
5 10 15 20 25 30 102V /cm~!

Figure 1. IR absorption spectra of radical anions salts.>*

(a) (N-Mepyz)(TCNQ)>, metal; (b) (N-Mepyz)(TCNQ), a narrow-
band semiconductor; (¢) (N-Buipyz)(TCNQ)., dielectric (pyz is
pyrazine).

Based on quantum chemical calculations of the elec-
tron—phonon coupling (EPC) constants, the characteristic
features of the IR spectra of highly conducting DBTTF
radical cation salts were interpreted as interactions between
intramolecular vibrations of the DBTTF ** radical cation
and excitations of conduction holes.>®

Similar features are observed in the IR spectra of highly
conducting dmit-based complexes. The EPC constants for
crystals of the complexes containing the [Ni(dmit),]"~
anions were calculated.®® Figure 2 shows the modes of
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vibrations of the [Ni(dmit),] molecule.®®
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eight totally symmetric vibrations (A, symmetry) of the
[Ni(dmit),] molecule.

As can be seen from Fig. 2, the Ayl vibration
(1408 cm 1) corresponds to displacements of the carbon
atoms of the C—=C bond. As mentioned above, it is this
vibration that is sensitive to the charge of the [Ni(dmit),]*—
anion. Hence, it is not surprising that this vibration is
characterized by the largest EPC constant.

The EPC constants for the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the [Ni(dmit)>] molecule were calcu-
lated.%® The results are given in Table 3. As can be seen
from Table 3, both theoretical and experimental values of
the EPC constants are clearly indicative of the domination
of the A,l vibration, for which this constant is an order of
magnitude larger than those for the other vibrations. From
these data, the maximum possible temperature of the
transition to the superconducting state of [Ni(dmit)s]-
based complexes can be estimated. This estimation was
made in the study:®® Tc < 11 K.

Table 3. Electron—phonon coupling constants for HOMO and
LUMO of the [Ni(dmit),] complex.

Calculations ° Experiment ¢!

v/jem~! AHOMO ALUMO v/jem~! ALUMO
1408 0.1260 0.1007 1296 0.0321
1177 0.0067 0.0044 1053 0.0036
1061 0.0007 0.0086 930 0.0049
562 0.0235 0.0072 — —
539 0.0211 0.0122 512 0.0036
403 0.0235 0.0010 359 0.0076
392 0.0200 0.0253 335 0.0193
147 0.0024 0.0128 137 0.0226

The total electronic energy of the complexes can be
used for the theoretical determination of the symmetry
of these complexes. The total energy differences
[AE = E(D2y)— E(D2g)] for two structures of the complexes

are given below.?®

Complex AE eV Complex AE eV
[Mn(dmit)2]>~ —0.486 [Ni(dmit)]2~ 0.010
[Mn(dmit),] —0.008 [Ni(dmit)>] ~ —0.043
[Fe(dmit)o]>~ 0.839 [Cu(dmit),]2~ 0.082
[Fe(dmit)s] - 0.025 [Cu(dmit)s]~ 0.110
[Co(dmit),]2~ —0.027 [Hg(dmit)]2~ 0.217
[Co(dmit)s]~ 0.016 [Hg(dmit)]~ 0.213

As can be seen from the above data, the calculations
correctly predict the higher stability of the planar structure
of the [Ni(dmit),]”~ complexes: a somewhat lower stability
of the planar structure of the [Ni(dmit);]>~ complex may be
compensated by the Madelung energy gain due to the closer
packing of the planar complexes.

The planar structures of manganate complexes are more
stable in both charge states. According to scarce structural
data for [Mn(dmit),]”~ complexes,®> they have a more
intricate  (dimeric)  structure. For example, the
(MesgN)g[Mno(dmit)s] complex consists of two fragments
linked by donor—acceptor Mn—S bonds (Fig. 3), resulting
in the distorted trigonal-bipyramidal coordination of the

Figure 3. Structure of the anion in the (MesN)sMna(dmit)s] com-
plex.62

Mn'!ion. However, the contradiction with the results of our
calculations can be easily explained. Thus, the energy differ-
ence between LUMO and HOMO is so small that the
[Mn(dmit),]?~ complexes can be readily transformed into
the excited biradical state (due to thermal excitation), which
accounts for their dimerization. Similar ideas were invoked
to explain the dimerization of the [Pd(dmit),]”~ com-
plexes.03-64

It is hardly possible to synthesize planar complexes
containing the [Fe(dmit);]>~ anion. As can be seen from
the values of AE, the twisted conformation is much more
stable than the planar structure. However, the energy
difference between the two structures of the [Fe(dmit),]—
complexes is much smaller (0.025 eV), due to which the less
stable planar structure can be stabilized in the crystalline
state. This is consistent with experimental data.!>->!

As for the [Co(dmit),]”~ complexes, they can have a
planar structure in both charge states, as is evident from the

Figure 4. Crystal structure of the EDA[Ni(dmit);]; complex. The
S---S contacts shorter than the sum of the van der Waals radii ®° are
shown by dashed lines.
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Stack A

Figure 5. Stacks of [Ni(dmit),] ions along the b axis in the crystal structure of the EDA[Ni(dmit),]3 complex.®®

above data, and this fact is also experimentally con-
firmed. 1365, 66

According to the above data, cuprate complexes are
more stable in the quasi-tetrahedral form. This fact is
supported by experimental data.®” Unlike nickelates, the
stability of the quasi-tetrahedral structure even increases
upon oxidation compared with the planar structure.

Finally, the mercurate complexes [Hg(dmit),]”~ are
much more stable in the quasi-tetrahedral form in both
oxidation states, which is confirmed by available experi-
mental data.%8

An excellent analysis of different types of the crystal
structures of dmit complexes is given in the review by
Struchkov and co-workers.>! The crystal structures of dmit
complexes are governed by the ability of the planar

[M(dmit)>]"~ ions to form stacks, which can be stabilized
by S---S contacts shorter than the sum of the van der Waals
radii. This imparts a certain two-dimensionality to the
electronic structure of the crystals of dmit complexes,
which distinguishes them from Krogmann complexes hav-
ing essentially one-dimensional electrophysical and optical
properties.?” Figure 4 illustrates the structure of the
EDA[Ni(dmit),]s complex (EDA 1is 2-diethylamino-1,3-
dithiolanylium, [EtaNCS,(CHz2)2] 7).¢°

Figure 5 shows the stacking motif of planar [Ni(dmit),]
complexes. In the stacks, there is an overlap between the 3d2
orbitals of nickel (Ni—Ni bonds are formed), which is
similar to that between the 5d2 orbitals of platinum in
Krogmann complexes,?’ as well as between the m orbitals
characteristic of Bechgaard radical cation salts.”®

Figure 6. Crystal structures of the TTF[Ni(dmit),], and TTF[Pd(dmit),]>» complexes;'4

(a) the projection onto the (010) plane; (b) the projection of the [M(dmit),] stacks along the [010]
direction. The intermolecular S---S contacts (<3.7 A) shorter than the sum of the van der Waals
radii are shown by thin lines.
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Figure 7. Different types of interactions (J) between [M(dmit),]”~ ions;!
(a) the formation of © dimers; () side-by-side S---S interactions along the short axis of the ion; (¢) side-by-side S---S interactions along the long

axis of the ion; (d) orthogonal interactions between 7 orbitals.

As can be seen from Fig. 4, the structure of the
EDA[Ni(dmit),]3 complex is characterized by short contacts
(compared with the sum of the van der Waals radii) between
the thione sulfur atoms of the complex anions and the sulfur
atoms of the cations. This imparts particular three-dimen-
sional features to the electronic structure of the complex,
resulting in the exchange interactions between anions along
the long axis with the involvement of cations (indirect
magnetic exchange). The quasi-three-dimensional structure
for dmit complexes was found for the first time in the
crystals of the superconducting TTF[Ni(dmit);], complex
and then in the TTF[Pd(dmit),], complex (Fig. 6).'4

Different types of interactions between the [M(dmit),]” —
ions are shown in Fig. 7.

IV. Electrophysical properties of
isotrithionedithiolate complexes

The close packing of [M(dmit),]"~ ions facilitates the
formation of a band, which is a conduction band in the
case of a mixed valence (fraction value n). The close packing
is possible in the case of small outer-sphere cations, as well
as in the case of small n. Hence, the oxidation of
Cta[M(dmit),] complexes is accompanied by an increase in
the overlap between orbitals of [M(dmit),]”~ and a change
in the electrophysical properties. For example, the
(BuzN),[Ni(dmit),] complex consists of the virtually iso-
lated [Ni(dmit),]>~ anions separated by large tetrabutylam-
monium cations and, consequently, has dielectric
properties.”> The oxidation of this complex with iodine
affords the Bu}N[Ni(dmit),] complex, which crystallizes in
two modifications: monoclinic”® (P2,/c) and triclinic 3¢
(P1). The packing motifs of the [Ni(dmit),]~ ions in these
modifications are substantially different. In the monoclinic
phase, there are stacks of [Ni(dmit),]~ anions, but only
weak S---S interactions are observed. On the contrary, in
the triclinic phase, stacks are absent, but there are two types
of S---S contacts (3.402 and 3.546 A) substantially shorter
than the sum of the van der Waals radii. Nevertheless, both
complexes are poorly conducting: o, ~ 10-3 Q— ! cm—! at
room temperature.

The chemical oxidation of the BuzN[Ni(dmit),] complex
with bromine gives a poorly characterized conducting
powder.?* However, the electrochemical oxidation in a

galvanostatic mode (in acetonitrile) affords well-faceted
single crystals of the oxidation product.?#3> The composi-
tion of the complex was determined by elemental analysis,
mass spectrometry and X-ray diffraction. According to
these data, the complex has the formula
(BujN)o.29[Ni(dmit),]. The electrical conductivity measured
on single crystals by the Montgomery method is
10 Q—'em—! at 300 K. This is only slightly higher than
the value determined with the use of powdered samples 7#
(1 Q'"cm~"). Usually, this difference is substantially
larger due to the anisotropy and reflects the quasi-one-
dimensional nature of most of synthetic metals. The temper-
ature dependence of the electrical resistance is also unusual.
Thus, in the temperature range of 300—158 K, the resist-
ance changes according to the activation law with
E, = 0.17 eV, whereas E, = 0.05 eV in the low-temperature
range (158-77 K).

The factors responsible for these unusual electrophysical
properties were revealed after the determination of the
crystal structure and measurements of the resistance aniso-
tropy in crystals. The [Ni(dmit),] species are packed in
stacks parallel to the b axis. There are contacts between
the stacks shorter than the sum of the van der Waals radii of
sulfur, resulting in the two-dimensional electronic structure.
Therefore, the stacks are linked in layers parallel to the
(001) plane; the layers are separated by BuyN™ cations.
According to measurements of the anisotropy, the electrical
conductivities along the a and b/ axes are only slightly
different (o,/05 ~ 2), whereas the electrical conductivity
along the ¢ axis is much lower, i.e., 6, & g5 > o..

Therefore, the (BujN)o.9[Ni(dmit),] complex was the
first example of conducting metal complexes of the quasi-
two-dimensional nature. Synthetic metals of the quasi-two-
dimensional nature have an advantage over quasi-one-
dimensional metals. In accordance with the Peierls theo-
rem,’> the latter undergo the structural phase transition to
the dielectric state. The period of the translation in the
conducting one-dimensional stack increases by a factor of n,
where 1/n is the population of the conduction band.”®
Quasi-two-dimensional metals also undergo the transition
to the charge-density-wave state; however, the conducting
state may be retained.

The neutral [Ni(dmit),] complex has been described.?* It
was unexpectedly obtained as a by-product in the synthesis
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Figure 8. Crystal structure of the (Me4N)o s[Ni(dmit)] complex.?3

of the superconducting (TTF)o s[Ni(dmit)>] complex. Crys-
tals of the latter were obtained by the counter-diffusion of
solutions of the (TTF)3;[BF4], salt and the Bu;N[Ni(dmit);]
complex. It is interesting that the TTF " radical cation,
being a weak oxidant [E°(TTF**/TTF)=0.33 V with
respect to the saturated calomel electrode], gives the fully
oxidized complex, whereas the stronger oxidant bromine
[E°(Brz/Br—) = 0.82 V] gives the partially oxidized prod-
uct.

In the crystals of the [Ni(dmit)>] complex, there are short
contacts both in the stacks and between the stacks.3*

Although the structure of the [Ni(dmit),] complex meets
the structural criteria for highly conducting systems (the
close packing and short intermolecular interactions), one
important criterion, e.g., the mixed valence of the central
atom, necessary for the partial population of the band is not
fulfilled. Due to this fact, the [Ni(dmit)>] complex has low
conductivity: o, = 1073 Q~! cm—! at room temperature.

In the case of smaller outer-sphere cations, such as tetra-
methylammonium, the close contact between [Ni(dmit),] is
observed even for the composition (MeslN)o s[Ni(dmit),],
and the latter complex exhibits metallic properties.?® As
follows from the stoichiometry of the complex, the popula-
tion of the conduction band in this complex (formed by
LUMO of the [Ni(dmit)z] complex) is 1/4 and, conse-
quently, according to the Peierls theorem, the stacks of the
planar [Ni(dmit),] species should be tetramerized. This is
actually observed:3? almost planar [Ni(dmit);]°>~ anions
form tetramerized stacks (Fig. 8). As can be seen from
Fig. 8, the stacks consist of tetrads with two independent
interplanar distances (3.53 and 3.58 A). The stacks are
linked by S---S contacts shorter than the sum of the van
der Waals radii. Quantum chemical calculations confirmed
the two-dimensional character of the conductivity of the
crystals of the (MesN)o.s[Ni(dmit),] complex, which agrees
with the data obtained from the analysis of the reflectance
spectra.”’

In spite of pronounced Peierls distortion, the complex
has substantial electrical conductivity [in the (001) plane,
o & 50 Q1 cm~—!], which increases on cooling down to
~10 K; at lower temperatures, the resistance becomes
thermally activated. In the direction perpendicular to the
(001) plane, the electrical conductivity is substantially lower
(~10=2Q~ ! cm—"). Therefore, the anisotropy of the elec-
trical conductivity is very large (~5x103) and, conse-
quently, the (Me4N)o s[Ni(dmit),] complex can be assigned
to quasi-two-dimensional synthetic metals. A relatively low
pressure (~ 3 kbar) suppresses the transition to the dielec-

tric phase at 7 < 10 K, and further cooling leads to the
transition to the superconducting state, whose temperature
increases with increasing pressure (07¢/0p > 0) and reaches
Tc = 5 K at 7 kbar (Fig. 9).

The related palladium complex (MesN)o s[Pd(dmit),]
crystallizes in two modifications, o and B (Fig. 10). The a
phase is a semiconductor and does not undergo a transition
to the superconducting state up to 12 kbar; the B phase is
isomorphous with the crystals of the (Me4N)o s[Ni(dmit),]
complex.!! As can be seen from Fig. 10, [Pd(dmit),] moi-
eties form dyads in the stacks; the planes of the adjacent
stacks separated by tetramethylammonium cations are par-
allel to each other, whereas these moieties form a corru-
gated surface in the crystals of the a phase. Compared with

w B w
T T T
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Figure 9. Transition to the superconducting state in the crystals of the
(MesN)o.s[Ni(dmit),] complex at pressures of 7 kbar (a) and 3.2 kbar at
3K (b).33
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a a

Figure 10. Crystal structures of B-(MesN)o s[Pd(dmit)] (a) and a-(MesN)o s[Pd(dmit),] (b).!!

the (MesN)o s[Ni(dmit),] complex, the stacks in the
B-(MesN)o s[Pd(dmit),] structure are dimerized to a more
considerable degree; the interplanar distance in the dimer is
3.28 A, whereas the distance between the dimers is 3.81 A.78
Taking into account the stoichiometry of the complex, it
can be hypothesized that a decrease in the temperature
should lead to the structural phase transition, resulting in
the doubling of the period of the stack and the formation of
tetrads (because the population of the conduction band is
1/4). This transitions was observed in the study.”® In spite of
the pronounced dimerization of the stacks, the
B-(MesN)o s[Pd(dmit)>] complex has substantial electrical
conductivity (ot ~ 33 Q~! cm—!) probably as a result of
the two-dimensional character of the electronic structure
due to S---S contacts between the stacks shorter than the
sum of the van der Waals radii. After cooling to 200 K, the
resistance of the crystals remains virtually unchanged, and
then it sharply increases upon further decrease in the
temperature (Fig. 11).

The resistance decreases with increasing pressure. As
can be seen from Fig. 11, the dielectric—metal transition
occurs at a pressure higher than 4 kbar. The temperature of
this transitions (7wi) rapidly decreases with increasing
pressure. At a pressure higher than 6.5 kbar, only the
transition to the superconducting state is observed.

Quantum chemical calculations by the DFT method ¢3
showed that there is a substantial difference between the
(MesN)o s[Ni(dmit),] and B-(MesN)o s[Pd(dmit),] com-
plexes. In the nickelate, the electronic states near the
Fermi level are virtually one-dimensional and are produced
mainly by LUMO of thee [Ni(dmit),] molecules, whereas

these states in the palladate are two-dimensional and
produced from HOMO.

The investigation of other crystals of the composition
(Me4E)o s[Pd(dmit),] (E = P, As, Sb) revealed the modified
B structure, the so-called B’ structure.’:7° These structures
differ in the lattice parameter  and the tetrahedral anion
site. Thus, the parameter f in the crystals of

]06 |-
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Figure 11. Temperature dependences of the resistance of the crystals of
B-(MesN)o s[Pd(dmit),] at different pressures (kbar): 0.001 (1), 2.2 (2),
4.2 (3), 4.8 (4), 5.3 (5), 5.5 (6), 5.8 (7), 6.3 (8).7%
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100 T/K

Figure 12. Temperature dependences of the resistance of the crystals of
B’-(Me4Sb)o s[Pd(dmit),] at different pressures (kbar);”8

(a): 0.001 (1), 3.4 (2), 6.1 (3), 7.9 (4), 9.7 (5);

(b): 9.7 (1), 11.5(2), 11.9 (3), 13.2 (4).

B-(Me4N)o s[Pd(dmit)s] and B’-(MesAs)o.s[Pd(dmit),] is
90.94° and 97.85°, respectively.!! In the crystals of the B’
phases, the interplanar distances in the dimer are larger,
whereas the distances between the dimers are smaller. For
instance, these distances in the B’-(Me4P)o.s[Pd(dmit),] com-
plex are 3.72 and 3.32 A, respectively.!!

Under atmospheric pressure, all B’-(Me4E)o.s[Pd(dmit),]
complexes are semiconductors.” The B'-(MegP)o.s.
[Pd(dmit),] and B'-(MesAs)o.s[Pd(dmit),] complexes retain
semiconducting properties up to 15 and 17.3 kbar, respec-
tively. The unusual influence of the pressure on the temper-
ature dependence of the resistance was observed for the
B’-(Me4Sb)o.s[Pd(dmit),] complex (Fig. 12). Under atmos-
pheric pressure, the complex is a narrow-band semiconduc-

tor (E, = 0.05 eV). At a pressure of ~ 10 kbar, it exhibits
metallic properties, but the superconductivity is absent
down to 1.5 K. A further increase in the pressure again
leads to the semiconducting state. Therefore, the effect of
the pressure on the electrophysical properties of the com-
plexes of the B’ phase depends on the nature of the E atom
in the outer-sphere cation. This dependence is non-mono-
tonic: the complex with the smallest (MesN) ™ cation goes to
the superconducting state under high pressure, whereas
complexes with larger cations do not undergo this transi-
tion.

More recently, it was found 89 that the pressure has an
unusual effect on the electrophysical properties of the
crystals of the P'-(Me4E)o s[Pd(dmit)>] complexes. For
example, the uniaxial pressure along the crystallographic
axis b rapidly suppresses the dielectric phase of
B’-(Me4As)o.s[Pd(dmit);], and the complex goes to the
superconducting state with 7¢c = 4 K even at 7 kbar. On
the contrary, the uniaxial pressure up to 2 kbar along the
crystallographic axes a or ¢ stabilizes the dielectric phase.
This unusual behaviour is indicative of the crucial role of
interactions in and between the dimers, because they have
an effect on the band width and the efficient single-site
Coulomb interaction.

To summarize, the following important features of
palladate complexes may be highlighted:

1) the energy difference between LUMO and HOMO in
the [Pd(dmit),] molecule is small;

2) in the crystals of the complexes, the stacks of
[Pd(dmit),] are substantially dimerized;

3) intermolecular interactions with the participation of
HOMO are predominantly two-dimensional, whereas inter-
actions with the participation of LUMO are one-dimen-
sional due to the difference in the symmetry of these
orbitals.

Quantum chemical calculations of the overlap integrals
between LUMO and HOMO were carried out.”® In Table 4
these integrals are denoted as H—H (LUMO—LUMO),
B—B and H—B, respectively. The overlap integrals in the
dimers (A4), between the dimers (B) (see Table 4), as well as
between adjacent stacks (Fig. 13) are given.

By comparing the values of 4 and B, it can be concluded
that the degree of dimerization in the stacks of [Pd(dmit)-]
systematically changes with a change in the size of the
outer-sphere cation, the degree of dimerization being
favourable for the stability of the metal phase under high
pressure. It should be noted that the reverse situation is
observed for bis(ethylenedithio)tetrathiafulvalene (ET)-
based radical cation salts: an increase in the degree of
dimerization gives rise to a dielectric state.8!

By assuming the model of dimerized stacks in the
[Pd(dmit),] complexes, the following three parameters are

Table 4. Intermolecular overlap integrals ( x 103) for the frontier orbitals of (Me4E)o s[Pd(dmit),] complexes.”®

Overlap E=N E=P Overlap E = As E =Sb
integral integral

H-H B-B H-B H-H B-B H-B H-H B-B H-B H-H B-B H-B
A 4186 —43.92 —0.94 4097 —4478 —0.10 A4 41.05 —44.88 —0.85 4129 —4484 —1.24
B —1.92 —535 —0.88 —3.50 -7.11 —-190 B -329 —-678 —197 =265 —591 —1.51
P 1.00 —2.37 —=0.71 1.24 —3.10 —0.81 P 1.24 —-296 —0.88 1.00 —2.36 —0.69
q1 —0.82 —2.01 —041 —0.95 —1.75 —-038 @ —-08 —1.77 —-031 —0.74 —1.64 —0.28
92 —0.82 —2.01 0.61 —0.95 —1.75 0.58 ¢ —-086 —1.77 0.55 —0.74 —1.64 0.54
r 1.76 —490 —1.44 1.92 —434 —-123 r 203 —4.60 —1.27 205 —492 —1.34
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Figure 13. Calculation scheme of the overlap integrals in the crystals of
B'-(ME4E)0_5[Pd(dmit)z] complexes (E = N, P, As, Sb).

sufficient for the interpretation of their optical properties:
the transfer integrals 7, and 72 between HOMO and LUMO,
respectively, and the energy difference AE between HOMO
and LUMO. In this case we obtain two types of energy
diagrams for these complexes shown in Fig. 14.

a b

Y- (LUMO) ‘I’jL_UE/IE))

e L

o— — — — _l'l_CMQ Y- (HOMO)|2¢,
¥+ (LUMO)
AE AE
¥~ (HOMO) — - -
--—e— ¥+ (LUMO) |21,
24
HOMO .

¥+ (HOMO) ¥+ (HOMO)

Figure 14. Two types of the energy diagrams for Ctg s[Pd(dmit),]
complexes;3?
(a)case 1: AE > t1 + to; (b)case 2: AE < t) + t>.

The scheme presented in Fig. 14 a is observed in most
cases; the scheme shown in Fig. 14bh was found in the
Cso.s[Pd(dmit),] complex.3? The excitation energies and the
intensities of transitions (/s) are described by the following
expressions:

case 1 (Fig. 14 a):
P+(LUMO) —> ¥~ (LUMO):

hawg =213,
I = 4TC€2d2t2 .
a th E)

case 2 (Fig. 14 b):
¥Y+*(HOMO) — ¥~ (HOMO):

o =21,

I :4ne2d2t1

’ v

C*(LUMO) — C—(LUMO):
hwo = 2 to;

I = 8ne2d2t2

ovw

where 7 is Planck’s constant, wy is the circular frequency of
absorption in the frozen orbital approximation, e is the
charge of the electron, V and d are the volume of the dimer
and the interplanar distance in the dimer, respectively.

The complexes of the composition (Me3zEtN)gs.
[Pd(dmit),] and (Et4N)o s[Pd(dmit),] were characterized.®?
Both complexes belong to narrow-band semiconductors; the
electrical ~ conductivity of the former complex
(ort =58 Q~ 1 cm~1) is substantially higher than that of
the latter (o, = 2.2 Q—! cm—!).The band gap width in the
former complex is 0.056 eV in the range of 300—80 K and
0.02 eV in the low-temperature range; the band gap width in
the latter complex is 0.036 eV in the range of 30045 K. In
the study,®? the superconductivity was not observed; how-
ever, it would be possible for the (MesEtN)g s[Pd(dmit)s]
complex under high pressure because the size of the
MesEtN* cation is intermediate between the sizes of the
MesN* and Me;Eto,N* cations. Both complexes with these
cations are superconductors. The o-(MesN)o s[Pd(dmit);]
complex becomes a superconductor at T¢ = 6.2 K and
p = 6.5%x10% Pa; (MesEtyN)gs[Pd(dmit),], at Tc=4K
and p = 2.4 x 108 Pa.

The complex of the composition (Ph4P);/3[Ni(dmit)s]
has a peculiar crystal structure 8 (Fig. 15). The [Ni(dmit);]

a Mﬁo\o@%—o\m»

A

5~

Figure 15. Crystal structure of the (Ph4P);/3[Ni(dmit),] complex.®
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Figure 16. Packing of [Ni(dmit),] anions along the ¢ axis in the crystals
of the (Ph4P);3[Ni(dmit),] complex.3*

moieties are packed in an usual fashion. Two of them form
stacks along the [010] direction (molecules A and B,
Fig. 16), whereas the third [Ni(dmit),] moiety is located
perpendicular to these stacks (molecule C in Fig. 16) and
separates the dimerized stacks. Such structures are very
rare. A similar structure was found for the radical cation
salt (HMTTeF)4(PF¢)> (HMTTeF is hexamethylenetetratel-
lurafulvalene) 83

OiTe Te
=1
Te Te

HMTTeF

and the radical anion salt (N-Etpyz)(TCNQ)2s (pyz is
pyrazine) synthesized in our study.3¢

The electrical conductivity of the crystals of the
(Ph4P)y/3[Ni(dmit),] complex along the b axis (the direction
of the stacks) at room temperature is 10 Q—! cm—!, and it
exhibits the semiconductor type of the temperature depend-
ence; the anisotropy of the conductivity o5/, = 100. The
activation energy for the conductivity is 0.046 eV in the
range from room temperature to 125 K; at 77 < 125 K, the
activation energy is 0.035 eV. The change in the activation
energy near 125 K is attributed to the anion ordering.®* The
(Phy4As)1/4[Ni(dmit),] complex has similar properties.8” At
60 K, the temperature dependence of the electrical resist-
ance of this complex shows an effect associated with a
decrease in the dielectric gap width from 0.03 to 0.01 eV.

The related palladium complex (Ph4P);,3[Pd(dmit),] (see
Ref. 88) is structurally similar to (MePhsP); ;3[Pd(dmit),]
(Fig. 17). As can be seen from Fig. 17, the structure is
formed by stacks of [Pd(dmit),] separated by stacks of
isolated MePh;P™* cations. In turn, the stacks of [Pd(dmit);]
consist of dimers formed via strong Pd---Pd interactions
(Fig. 18, solid lines). In addition, there are side-by-side S---S
contacts shorter than the sum of the van der Waals radii.
The [Pd(dmit),]> dimers are packed along the ¢ axis. In the
(MePhsP);3[Pd(dmit),] complex, all [Pd(dmit),] moieties
are dimerized, whereas only half of the moieties are dimer-
ized in the related nickel complex.8”

The Pd---Pd distances in the crystals of the (MePh3P),s.
.[Pd(dmit),] complex are in the range of 2.9194—-3.0956 A,
which is only slightly larger than the sum of the crystal-
chemical radii of palladium (2.74—2.75 A).8%:90 As can be

D g
Figure 17. Crystal structure of the (MePh3P);/3[Pd(dmit)>] complex.®8

The stacks of [Pd(dmit),] are separated by columns of MePhsP*
cations.

Figure 18. Packing of the [Pd(dmit),], dimers along the ¢ axis in the
crystals of the (MePhsP), 5[Pd(dmit)>] complex.®®

The S---S and Pd---S contacts shorter than the sum of the van der
Waals radii are shown by dashed lines.

seen from Fig. 18, each dimer is linked to six adjacent
dimers by short S---S interactions to form a two-dimen-
sional layer. These contacts vary from 3.327 A (the shortest
distance) to 3.665 A (the longest distance shown in Fig. 18
as dashed lines). These distances are much smaller than the
sum of the van der Waals radii of sulfur (3.70 A).%!

Due to a substantial two-dimensionality of the elec-
tronic system, complexes of the composition (R4E);s.
.[Pd(dmit),] are narrow-band semiconductors (Table 5).

The (Etpy)o.s[Ni(dmit),] complex (Etpy is N-ethylpyri-
dinium) is a two-dimensional metal.°? The [Ni(dmit),] %>
anions form stacks, which are linked together by S:--S
contacts shorter than the sum of the van der Waals radii
(Fig. 19). The complex exhibits metallic properties in the
range of 282-269 K; the metal —dielectric transition occurs
at temperatures below 269 K. When heated above 282 K,
the complex also exhibits dielectric properties, the temper-
ature dependence of the resistance [p(7T)] being reproduced
in the cooling—heating mode. The IR spectra show a
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Table 5. Specific electrical conductivities at room temperature and the
band gap widths (4) for (R4E)/3[M(dmit),] complexes.5?

Complex 2 0, /Q T em ! A /meV
(MePh3P); 5[Pd(dmit),] 13 100
(Ph4P); 5[Pd(dmit),] 1 55
(MePh;3P); 3[Ni(dmit),] 0.1 220
(Ph4P)y/3[Ni(dmit),] 10 17
(BTP); ;3[Pd(dmit),] 80 —
(PPN), 3[Pd(dmit)] 62 50
(BTP), 3[Ni(dmit),] 0.2 -
(PPN), 3[Ni(dmit),] 45 —

@ BTP is benzyltriphenylphosphonium, PPN is bis(triphenylphospho-
ranylidene)ammonium.
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Figure 19. Two-dimensional conducting layers in the crystals of the
(Etpy)o.s[Ni(dmit),] complex.®?

The intermolecular contacts shorter than the sum of the van der Waals
radii are shown by dashed lines.

decrease in the vibrational frequencies v(C=C) and
v(C=S) upon oxidation of the starting Etpy[Ni(dmit)]
complex. The vibrational frequency v(C=C) in the starting
complex is 1347 cm — !, whereas the spectrum of the oxidized
complex shows a doublet at 1331 and 1237 cm—!; the
vibrational frequency v(C=S) decreases after oxidation
from 1050 to 1041 cm~'. In the study,®? the splitting of
the spectral line belonging to vibrations of the C=C bonds
was attributed to the disproportionation of the complex
having a semi-integer charge into the neutral and mono-
anionic complexes:

2[Ni(dmit)]>5~ === [Ni(dmit)] + [Ni(dmit),] .

Taking into account the characteristic time of vibra-
tional spectroscopy (10~ 11 s),%3 it should be noted that this
interpretation implies that the rate constant of dispropor-
tionation is at most 1011 s—1.

In the above-mentioned EDA[Ni(dmit),]; complex (see
Fig. 5), the anisotropy of the electrical resistance is

Ga:0p:0.=1:2:10~% (see Ref. 69). The electrical conduc-
tivity along the b axis at room temperature
gp,=0.2Q 1" cm~! is thermally activated with the activa-
tion energy of 0.11 eV.

Interesting structures are observed in the crystals of salts
containing cations capable of forming hydrogen bonds. For
example, 1:1 complexes with the following cations were
described: 4

— - — / \7 gIH
oa TeraY
PP P—P

= 1¢1H
B -

N p—p

In the crystals of the (PP);[Ni(dmit),]>- TCE complex
(TCE is 1,1,2-trichloroethane), the PP cations form one-
dimensional chains vie NH---N hydrogen bonds. The
[Ni(dmit),]~ anions are dimerized (plane-to-plane overlap);
the interplanar distance is 3.69 A. These dimers are located
between the chains of PP cations, thus forming a sandwich
structure (Fig. 20).

Figure 20. The arrangement of the ions in the crystal structure of
(PP),[Ni(dmit),], - TCE.%*

The (P=P),[Ni(dmit),]>-PhCl and (P—P)[Ni(dmit),]
complexes also have similar structures; however, the
[Ni(dmit)>]~ anions in the latter case do not form dimers.
In spite of the similarity of the crystal and electronic
structures, the electrophysical properties of the complex
with the PP cation substantially differ from the properties
of the complexes with the P=P and P—P cations. The
latter two complexes are semiconductors with the band gap
width of 0.21-0.25 eV, which is characteristic of dmit
complexes with singly charged anions; the electrical con-
ductivity of the (PP)2[Ni(dmit)z],- TCE complex is much
higher, and the temperature dependence of the electrical
resistance is described by the expression

with the parameters « = 1.6, 4/k = 353 K. It is known %>
that this dependence is characteristic of semiconductors, in
which the carrier mobility and concentration are propor-
tional to 7—* and exp(—A4/kT), respectively. In this case,
the band gap width is unusually small (0.03 eV), whereas
this parameter in two other complexes is 7—8 times larger.
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In the study,®? this fact was attributed to the presence of the
n-donor level, whose nature is, however, unknown.

Similar complexes with hydrogen bonds were
described.”® These are complexes with the singly charged
[Ni(dmit),]~ anions and 2-, 3- and 4-methoxycarbonyl-N-
methylpyridinium cations (2-MMP, 3-MMP and 4-MMP,
respectively). In the crystals of all the above-mentioned
complexes, the cations and anions form sandwich struc-
tures, in which the anions are located between the layers or
dimers of the cations. Weak hydrogen bonds are formed
between the hydrogen atoms of the pyridine rings and the
methyl group and the carboxy groups of adjacent cations.
According to the structure and stoichiometry of the com-
plexes, they belong to high-ohmic semiconductors; their
specific  electrical  conductivities are 4.33x 10710,
1.80x10=% and 5.60x10-°Q~! cm—! for the (2-MMP).
.[Ni(dmit),], (3-MMP)[Ni(dmit)>] and (4-MMP)[Ni(dmit)-]
complexes, respectively.?®

First organic metals and superconductors were synthe-
sized based on planar symmetrical molecules (symmetry not
lower than D,;). In the late 1990s, organic metals and
superconductors based on unsymmetrical polyheterocyclic
organic compounds were prepared. The structures of these
compounds are shown below.

/S\

\ /
(=)

@

O BEDT-ATD (Ref. 97)

O T3

TM-TPDS (Ref. 98)

CTI<0 (0=

DODHT (Ref. 100)

MDT-TSF (Ref. 99)

m:

Emu

EDT-TTF (Ref. 101)

Unsymmetrical dithiolate complexes based on dmit were
synthesized, and some of them exhibit metallic proper-

ties.102
S S
. T
g \s
M(dm1t)(mnt) [Ni(dmit)(ddd)]
M = Nj, Pd, Pt.
s S S N S S Se_ S
\ / EN - \ ./
s=C T ™ Lo s ] X I )
s S s N s s Se” g
[Ni(dmit)(tdas)] [Ni(dmit)(dddse)]

s I I>o

[Ni(dmit)(dmio)]

All complexes with [Ni(dmit)(mnt)]?— anions are highly
conducting (Fig. 21). As can be seen from Fig. 21, the
TTF[Ni(dmit)(mnt)] and o-(EDT-TTF)[Ni(dmit)(mnt)]
complexes exhibit metallic properties down to 30 K; at
lower temperatures, the metal —dielectric transition occurs.

p/Q cm
104 |
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Figure 21. Temperature dependences of the electrical resistance of the
crystals of complexes with [Ni(dmit)(mnt)] anions.!0?

The cations: Me;ELN* (1), MesN* (2), BPDT-TSeF (3), TTF (4),
and EDT-TTF (o phase of the complex) (5). BPDT-TSeF is bis(pro-
pylenedithio)tetraselenafulvalene.

Figure 22 shows the temperature dependences of the
electrical resistance of the TTF[Ni(dmit)(tdas)] and (EDT-
TTF)[Ni(dmit)(tdas)] complexes. Both complexes exhibit
metallic properties. It should be noted that the TTF.
.[Ni(dmit)(tdas)] complex retains metallic properties down
to 4 K. The (EDT-TTF)[Ni(dmit)(tdas)] complex forms two
crystalline phases (o and B). Crystals of the o phase exhibit
metallic properties, whereas crystals of the  phase have
dielectric properties. The X-ray diffraction study showed

p/Q cm
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Figure 22. Temperature dependences of the electrical resistance of
complexes with [Ni(dmit)(tdas)] anions.!0?
The cations: EDT-TTF ({), TTF (2).
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that the crystals of a-(EDT-TTF)[Ni(dmit)(tdas)] are iso-
structural with the crystals of the a-(EDT-TTF)[Ni(dmit),]
complex, which is a superconductor with T¢c = 1.3 K under
normal pressure.!92

V. Magnetic properties of isotrithionedithiolate
complexes

The specific features of the crystal structures of dmit
complexes (overlap of p orbitals of planar [M(dmit)s]
complexes in the stacks, the M < S coordination bonds
between adjacent molecules, S---S distances shorter than
the sum of the van der Waals radii) may not only be
responsible for the electrical conductivity of the material
but also lead to the formation of magnetically ordered
structures, viz., chain and two-dimensional antiferromag-
nets, as well as spin ladders.

We synthesized and studied the BuzN[Pt(dmit)>] com-
plex 4% and showed that the stacks of anions characteristic of
most of dmit complexes are absent in this complex. Instead,
the crystal structure of this complex contains zigzag rib-
bons, in which there are short S---S contacts between
adjacent anions.*0

The existence of this quasi-one-dimensional chain could
be favourable for the conductivity along the chain. How-
ever, the electrical conductivity measured on single crystals
is at most 108 Q—! cm—!, which is characteristic of dmit
complexes with singly charged [M(dmit),]~ anions. Never-
theless, the indirect antiferromagnetic exchange between
Pt""! jons may occur along the chain. This exchange was
actually found.?® The BujN[Pt(dmit),;] complex is para-
magnetic; the magnetic susceptibility (y) obeys the Curie—
Weiss law in the range of 300—4.2 K with the temperature-
independent paramagnetic term (Van Vleck paramagnet-
ism):

C
, =0+ —
W) =20+ 75

0o = 1.18 x 10=3 mol—!, the Curie constant C = 0.310
K mol~!, the Weiss constant § = —26.3 K. According to
EPR measurements,3® the spins in this complex are localized
at the platinum atoms. Hence, the large value of the Weiss
constant indicates that the interaction along the
Pt—S---S—Pt chain is rather strong.

Another unusual example of interactions between spins
along an unconjugated chain was found '°3 in the dinuclear
iron(1I) complex 3, whose molecule has C> symmetry.

St
|
C!
S3’/ \Sz’
\ L
CcO 3—=C? CcO
| /AN
Fe—S* S$S—8° S¥—TF¢
| \ / \
0] c=C CO
S/2 \S*
N
I
St 3

The point symmetry group of this complex (C>) contains
only one-dimensional irreducible representations (A and B).
Hence, all its electronic and nuclear states should be non-
degenerate. The removal of the degeneracy is possible only
due to interactions between electrons along the Fe—S(4)—

C(2)—C3)—S(5)—S(5)—C((3')—C()—S@)—Fe' chain. In
the M&ssbauer spectrum, these interactions appear as two
quadrupole doublets with almost equal isomer shifts but
with substantially different values of the quadrupole
coupling:  4;(300 K) = 1.09, 4(300 K) = 0.64 mm s—!
(Ref. 103). The larger value is associated with the contribu-
tion of the electronic states of B symmetry to the electric
field gradient on the nucleus; the smaller value, with the
contribution of the states of A symmetry. These interactions
are responsible for the paramagnetism of the complex.
Thus, the temperature dependence of the magnetic suscept-
ibility obeys the Curie—Weiss law with the Weiss constant
0 = —6.5 K. Taking into account a considerable length of
the chain that links two iron atoms, this Weiss constant
should be considered as large. The effective magnetic
moment (3.13 pg) calculated from the Curie constant cor-
responds to two unpaired electrons, which is also an
unusual fact. For Fe?" ions with the 3d° electron config-
uration, the diamagnetic ground state would be expected in
the field of a strong-field ligand (cyclopentadienyl anion,
CO molecules). In the case of paramagnetism, the number
of unpaired electrons should be at least 4 (electrons at each
site pair up). Hence, the paramagnetism of this dinuclear
complex is apparently attributed to the triplet ground state
with the delocalized spin density.

This hypothesis was confirmed by quantum chemical
calculations at the RODFT level of theory with the B3SLYP/
6-31(dp)G basis set.!93 The triplet ground state is separated
from the excited singlet state by a gap of 1.5 eV, and the
spin density is essentially delocalized (Fig. 23).

Figure 23. Spin density distribution in the molecule of complex 3.103

It should be emphasized that the splitting of degenerate
electronic states in a low-symmetry molecule discovered in
our studies is analogous to the so-called Davydov (exciton)
splitting in crystals, whose unit cells contain Z molecules.!%4

A comprehensive review of the magnetic properties of
dmit-based complexes, including complexes with outer-
sphere metallocenium cations, was given in the study.!'%’
Hence, we restrict ourselves to the analysis of studies
published in the last eight years.

Two polymorphs of the complex with a supramolecular
cation, viz., the anilinium cation intercalated into 18-crown-
6, [(PhH3N ™) C(18-crown-6)][Ni(dmit),] (4), were desc-
ribed.!%¢ In the crystals of these phases, the [Ni(dmit),]~
anions are linked together to form dimers, which, in turn,
form chains separated by supramolecular cations. In the
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crystals of the o phase, the supramolecular cations form
regular stacks, resulting in the formation of a spin-ladder
structure by the [Ni(dmit),]3~ dimers.

In the authors’ opinion,!%° this is supported by the fact
that the temperature dependence of the magnetic suscepti-
bility is best described by a spin-ladder model (o is the
model parameter) proposed in the study:!%7

o 4,
Aladder = \/_T expl| — T

with the spin gap 4, = 190 K. It should be noted that,
according to the study,?! the formula for the temperature
dependence of the magnetic susceptibility of a spin ladder
takes another form:

) T 3 T -1 es g7 —1
N — ! _ Cq _ D
Hladder = T |:1 * (62) <e 1>] |:1 * (T) :| ’

where ¢ —c¢ are the fitting parameters.

To support this interpretation, the authors of the
study '9¢ calculated the transfer integrals by the extended
Hiickel method. The strongest interaction was observed
along the ladder steps (the transfer integral
t1 = 45.3 meV); along the ladder rungs, #; = 15.9 meV.106

The crystal density of the B phase is 3% higher than that
of the o phase. The supramolecular packing of the cations is
distorted. This hinders intermolecular interactions between
the [Ni(dmit),]5~ dimers along the ladder rungs, which is
observed in the crystals of the o phase. Hence, the temper-
ature dependence of the magnetic susceptibility of the
crystals of the B phase is described by a singlet—triplet
activation model

C 4dexp(—2J/T)

Xsinglet—triplet — T m s

where J is the singlet—triplet splitting.
The best agreement is achieved at 2J = 140 K.!% Fig-
ure 24 shows the temperature dependences of the magnetic
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Figure 24. Temperature dependences of the magnetic susceptibility of
the o (/) and B (2) phases of the [(PhH3N*)C(18-crown-6)][Ni(dmit)s]
complex (4).100

susceptibility of both phases of complex 4. As can be seen
from Fig. 24, the dependences are very similar. However,
the statistical data, which would allow the authors to give
preference to the spin-ladder model for the o phase and the
singlet—triplet activation model for the § phase, were not
given in the study.'?® Hence, the interpretation of the «
phase of complex 4 as a spin ladder is not sufficiently well
justified. To support the latter fact, it is necessary to study
its microscopic properties of the o phase of complex 4 by
neutron scattering, NMR spectroscopy, and muon spin
resonance (LSR).

To confirm the validity of this interpretation, the
authors of the study !¢ investigated crystals of the o phase
of complex 4 by 'TH NMR spectroscopy.!?® In particular,
they measured the nuclear spin—lattice relaxation time 77".
At low temperatures, the temperature dependence of the
relaxation time has two components due, apparently, to
different proton states. A sharp decrease in the relaxation
time at temperatures below 50 K is indicative of the
formation of a spin gap. The temperature dependence of
the time 77' at low temperatures is described by the
following equation

A
Tl_l ~ eXp(*?;),

from which the values 210 and 200 K are obtained for 47,.
These values are in good agreement with the spin gap at
190 K determined by magnetic measurements.
1,10-Diaza-18-crown-6
D
S
(0] H (0]
(N
was used for the synthesis of the [K* (C(1,10-diaza-18-
crown-6)][Ni(dmit),] complex (5) and the isostructural
[RbT((1,10-diaza-18-crown-6)][Ni(dmit),] complex (6).19°
In the crystals of both complexes, the [Ni(dmit)>]~ anions
are extended along the @ axis. Hence, m—m interactions
between the anions are absent; however, there is the
S(1)---S(2) interaction between the sulfur atoms of the
thione and thiol groups (Fig. 25).

The temperature dependence of the magnetic suscepti-
bility is described by the one-dimensional Heisenberg anti-
ferromagnetic model (1D AF) with the magnetic exchange
energy J/k = —24.7 K (potassium salt) and —22.7 K (rubi-
dium salt).!0?

The two-rung spin-ladder model was also discussed ??
based on structural and magnetic data. The authors synthe-
sized the (RBnpy)[Ni(dmit),] complexes [R = NO, (7), Br
(8); RBnpy is 1-(4'-R-benzyl)pyridinium].

In the crystals of complex 7, the [Ni(dmit)>]~ anions
form dimers due to the overlap of their & systems (plane-to-
plane); the dimers are linked together through the terminal
sulfur atoms to form infinite chains, resulting in the for-
mation of a two-rung spin-ladder. A similar structure was
observed in the crystals of complex 8 (Fig. 26).22

In spite of the structural similarity, the magnetic proper-

ties of the complexes are substantially different. Thus, the
magnetic susceptibility of complex 7 slightly increases as the
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Figure 25. Projection of the crystal structure of complex 5 along the ¢ axis.!?”
Antiferromagnetic chains of [Ni(dmit),]~ anions running along the b axis are separated by supramolecular cations.

Figure 26. Spin ladder of [Ni(dmit),]~ anions in the crystal structure
of complex 8 in two projections: along the b axis (a) and along the ¢
axis (b).??

temperature decreases to ~ 110 K. At temperatures below
110 K, the magnetic susceptibility sharply decreases. This
corresponds to the phase transition with the transition
temperature [determined from the dependence of
d(ymT)/dT on T] of 100.3 K. At temperatures above
110 K, the antiferromagnetic exchange interaction between
adjacent spins is dominant; at temperatures below 110 K, a
spin gap is formed. It should be noted that attempts to
describe the temperature dependence of the magnetic sus-
ceptibility by a model of isolated spin dimers (s = 1/2) or a
spin-ladder model failed.??

The magnetic susceptibility of complex 8 increases as
the temperature is lowered and reaches the maximum
M = 6.73x 1073 emu mol—! at 7T =16.5K.?> A sharp
decrease in wy at lower temperatures is associated with
antiferromagnetic ordering. It should be noted that in this

case, the complexes were assigned to spin ladders based only
on the crystal structure features.

Magnetically isolated m dimers were found in the crys-
tals of the [Ni(dmit)]~ complexes with the supramolecular
4-fluoroanilinium and 4-methylanilinium cations as com-
plexes with 18-crown-6.8° The [Ni(dmit),]3~ dimers are
separated by supramolecular cations. The magnetic ground
state of the complexes is a spin singlet with the exchange
energy in the dimer equal to — 150 K.!10

Complexes based on 1,5-diphenylverdazyl derivatives
Ct[Ni(dmit),] (Ct =9a—-d) and Ct[Ni(dmit),]; (Ct = 9c)
were described in the study.!!!

R = N-ethylpyridinium-4-yl (a),
N-ethylpyridinium-3-yl (b),
N-methylpyridinium-4-yl (c),
N-methylpyridinium-3-yl (d).

1,5-Diphenylverdazyl is characterized by high chemical
and thermal stability. Its derivatives exhibit interesting
magnetic properties, including ferromagnetism, weak
ferromagnetism, antiferromagnetism, spin-Peierls transi-
tions and spin frustration (see, for example, Ref. 112).
In the crystals of the (9a)[Ni(dmit),] complex, the
anions form dimers, which, in turn, form a tetrameric
sandwich-type structure together with the cations:
(9a) " (A)—[Ni(dmit)>] ~(A) —[Ni(dmit);] ~(B)—(9a) " (B) (here,
the letters A and B designate the crystallographically
independent ions). According to this, the temperature
dependence of the magnetic susceptibility of this complex
is described by the Heisenberg Hamiltonian

H= —2Ji(S5152 + S3S54)—2J>5>S3,

1
5125225325425,

where J; is the exchange integral between the verdazyl
cation and the [Ni(dmit);]~ anion, J> is the exchange
integral between the anions and S; are the spins of the
particles that form the tetramer. The parameters are
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2J1/k = —780 K and 2J,/k = 7200 K. The complex with
cation 9¢ has similar properties.

The magnetic susceptibility of the complex
(9b)[Ni(dmit)>] can be represented as the sum of two
contributions:

AM = Y1D-ferro T /S—T,

where the first term represents the contribution of a quasi-
one-dimensional ferromagnetic linear Heisenberg spin chain
and the second term corresponds to the contribution of a
singlet—triplet system. For the ferromagnetic exchange,
2J/k =25+£1K,; for the singlet—triplet gap, 2J/k =
—320 K.

The magnetic susceptibility of the (9d)[Ni(dmit),] com-
plex can also be represented as the sum of two contribu-
tions:

M = Cip.ayip-ate + CcurieXCurie »

where the first term describes the contribution of a one-
dimensional antiferromagnetic alternating Heisenberg spin
chain and the second term corresponds to the contribution
of paramagnetic impurities. Here 2J;/k = —165 K and the
alternating parameter o = J»/J; = 0.6.

The (9¢)[Ni(dmit)z]; complex is a narrow-band semi-
conductor: o, = 1.0 Q~ ! cm~!, and the band gap width is
0.048 eV.112

A series of palladate complexes Cto s[Pd(dmit),] was
described in the study.''> They were characterized as
Heisenberg antiferromagnets on an anisotropic triangular
lattice, whose spin frustrations lead to substantial effects.
The lattice anisotropy plays a decisive role at low temper-
atures. The temperature dependence of the magnetic sus-
ceptibility is described by the interpolation equation

er']Xtr(kT/‘])f(Tv AJ) + quAJqu(kT/AJ)
[f(T: AJ) + 1}(erJ"" quAJ) ’

«T) =

where i and ysq are the magnetic susceptibilities of the
triangular (J lattice) and square (AJ lattice) lattices, respec-
tively, and f(T,AJ) is the Bose distribution function

1

IS = oy -1

Zir = 6, Zsq = 4 (z is the number of nearest neighbours).

An important role of an outer-sphere cation in the
formation of the magnetic structure of dmit complexes was
shown.!'* The authors synthesized complexes containing
the singly charged [Ni(dmit)>]~ anion: (ADP)>[Ni(dmit)>]»
(10), BDP[Ni(dmit)>]- Me,CO (11) and (CP),[Ni(dmit),]
(12).

Me

Me
Cl - Cl %
1\14r l\fr ‘
" Me > Me
Cl ADP BDP
Me
Cl -
N
N&
Cl CP

In spite of insignificant structural differences of the
cations, the crystal structures of the complexes are substan-
tially different. In the crystals of complex 10, the cations
and anions together form stacks, in which the dimers of the
anions are located between the dimers of the ADP cations
and vice versa. In the crystals of complex 11, the dimers of
the [Ni(dmit),] ~ anions are linked together by side-by-side
S---S contacts to from one-dimensional zigzag chains. In the
crystals of complex 12, there are trimers of the anions.
Weak intermolecular S---Cl, C—H---Cl and C—H---S inter-
actions stabilize the crystal structures of all three complexes
and serve as magnetic coupling channels.

In accordance with this fact, the magnetic properties of
these complexes also substantially depend on the nature and
structure of the outer-sphere cation (Fig. 27). For complex
10, the effective magnetic moment at 300 K (1.41 ug) is
substantially smaller than the value expected for a single-
spin system (1.73 pp). The magnetic moment rapidly
decreases with decreasing temperature, which is typical of
one-dimensional antiferromagnetic spin systems. As can be
seen from Fig. 27, the magnetic susceptibility of complex 11
increases with decreasing temperature and reaches the
maximum yym =4.43x 1073 emumol—!' at 109 K. A
sharp decrease in the magnetic susceptibility at lower
temperatures is associated with antiferromagnetic ordering.
In spite of the difference in the curves ym(7) (see
Fig. 27 a,b), the temperature dependence ym(7) for both
complexes can be described by the equation

103 ym /emu mol —! a 103 ynm /emu mol ! b 103 ynm /emu mol ! ¢
20
20
16
1.6 |
12
1.2
8 =
4+ 0.8
0 04 1 | | |

Figure 27. Temperature dependences of the molar magnetic susceptibility (yam) for complexes 10 (@), 11 (b) and 12 (¢).''*

The theoretical calculations are shown as solid lines (see the text).
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A dimer ¢
M= + =t dos
1- (Zj/ﬁzNAgz)xdimer T

where ) 1
Nag u 4\
XAdimer = kT B 3 + exp k_T s

Na is Avogadro’s number and g is the g factor (Lande
splitting factor).

The first, second and third terms in this equation
represent the contributions of dimers, paramagnetic impur-
ities and the possible Van Vleck paramagnetism, respec-
tively. For complex 10, the band gap width 4/k = 19.8 K;
for complex 11, 4/k = 35.2 K. The paramagnetic suscepti-
bility of complex 12 is thermally activated and is described
(minus the susceptibility of paramagnetic impurities) by the
equation

__aexp(—4/kT)

M=
with A/k = 1236 K.

A similar dependence of the magnetic properties of dmit
complexes on the nature of outer-sphere cations was found
in the study,!'> where the (4-BrBn-1-Apy)[Ni(dmit),] (13)
and (3-NO2Bn-1-Apy)[Ni(dmit),] (14) complexes were syn-
thesized and characterized.

~Onag o
N/ ON N/

4-BrBn-1-Apy 3-NO;,Bn-1-Apy

In the crystals of complex 13, there are S---Br and S---S
contacts shorter than the sum of the van der Waals radii

Figure 28. The S---Br (a¢) and S---S (b) contacts; wavy chains of the
anions in the structure of complex 13 (¢).!13

(Fig. 28 a,h). The anions and cations form mixed stacks;
however, one-dimensional wavy chains of anions are
formed through S---S interactions (Fig. 28 ¢).

By contrast, the anions and cations in the crystals of
complex 14 form alternating two-dimensional layers paral-
lel to the crystallographic (110) plane. Correspondingly, the
magnetic properties of these complexes are different. Thus,
complex 13 is a one-dimensional antiferromagnetic spin
system (J/k = 66 K), whereas the magnetic susceptibility
of complex 14 obeys the Curie—Weiss law
(C=0.421 emu K mol~', § = —1.28 K, weak antiferro-
magnetism) throughout the temperature range under study
(300-4 K).

Therefore, the magnetic properties of dmit complexes
are of considerable interest. Their high variability is attrib-
uted to the effect of the nature of the central metal atom, the
outer-sphere cation and the charge of the [M(dmit),]"—
complex. However, the magnetic properties of dmit com-
plexes are poorly known compared with their electrophys-
ical properties. Taking into account the available data,
these investigations are promising.

VI. Prospects of the practical use of
isotrithionedithiolate complexes

For practical purposes, dmit complexes should be synthe-
sized as well-faceted single crystals or films. In organic
electronics, conducting Langmuir—Blodgett (L—B) films
are of great interest. The advances in this field are consid-
ered in the monograph '3 referred to in the Introduction.
Hence, we will mention only the most considerable results
obtained mainly after the publication of this monograph.

The unusual properties of L—B films based on the
N-(n-H37C,5)py[Ni(dmit),] complex (15) with the outer-
sphere N-octadecylpyridinium cation were described in the
study.!'® Figure 29 schematically illustrates the structure of
such films on the glass surface.

A bulk sample of complex 15 has low electrical con-
ductivity, which is typical of complexes with the singly
charged [M(dmit),]~ anion (o, < 10783 Q~ ! cm—"'). How-
ever, the electrical conductivity of films in the film plane is
much higher [(3.54+£2.5)x10-3Q~1"cm~!]. This fact
remains unclear. The authors did not rule out the uninten-
tional doping in the course of the preparation of L —B films,
although the effect of the surface tension forces on the
structure of the anionic layer is quite probable.

In 2000 the sensational study ?* on the superconductivity
of L—B films based on dmit complexes was published. The
authors of the study investigated the complex value of the
magnetic susceptibility

1= +ir"

of L—B films based on the (n-H29C;4)>2MexN[Ni(dmit),]
complex (16). The diamagnetic transition of the real part
of the magnetic susceptibility was observed, whereas the
imaginary part underwent a weak jump at 3.9 K. This
indicates the formation of a Meissner phase. In other
words, the transition to the superconducting state occurs
at Tc = 3.9 K.

More recently, the superconducting nature of the tran-
sition of complex 16 at 3.9 K was confirmed.!!” The
diamagnetism was observed in a weak field (0.1 mT) at
4 K. In a magnetic field of 60 mT, the transition temper-
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Figure 29. Structure of the Langmuir—Blodgett film based on com-
plex 15.11¢

ature is shifted to 3.4 K, which is typical of the transition to
the superconducting state.

In the study,''® the superconducting nature of the
transition was confirmed by direct electrophysical measure-
ments. The resistance of L—B films of complex 16 at room
temperature decreases with increasing pressure; it is reduced
by a factor of 6 under a pressure of 0.7 GPa. A pronounced
decrease in the resistance is observed at 1.4 K under the
same pressure, whereas under normal pressure, the resist-
ance decreases at temperatures below 0.85 K followed by a
weak increase at 7" < 0.65 K.

Very smooth and uniform films with a thickness of
3—5-um were prepared by electrochemical deposition of
the PVOP[M(dmit),] complexes (M = Ni, Pd).!?

CgH 17-11
PVOP

The electrical conductivity of the starting complexes was
determined on pelleted samples and is 3.2x10~% and
4.0x10=4Q~ 1 ecm~!, respectively.!'® However, films of
these complexes behave as semiconductors (the electrical
conductivities at room temperature were not reported). The
authors believed that this is due to the partial oxidation of
the complexes in the course of electrochemical deposition.

The dmit complexes, whose structures contain cationic
channels, are potentially interesting as materials for micro-
electronics.!?% 121 The authors of these studies synthesized a
series of complexes of the composition [(Ct™),-18-crown-6).
[Ni(dmit)], (Ct*-18-crown-6)(H20)(MeCN); 5_«].
INi(dmit),], (x=1 for Ct=Li, 0.5 for Ct= Na) and
(Ct*-18-crown-6)[Ni(dmit),] (Ct = Li, Na, K, Rb and Cs).
The structures of the complexes contain ionic channels due

to which alkali metal cations have particular mobility. Some
of these complexes exhibit high electrical conductivity
(ot ~ 10-30 Q— ' cm—"). At high temperatures, the con-
ductivity is virtually temperature-independent. The one-
dimensional electronic structure is strongly influenced by
the static and dynamic structure of ionic channels. Sodium
salts behave as semiconductors at room temperature, and
their magnetic properties are described by a one-dimen-
sional disordered antiferromagnetic chain model. On the
other hand, the caesium complex exhibits metallic proper-
ties with 2kf instability at room temperature (Peierls insta-
bility). The lithium complex shows a sharp transition from
the high-temperature metallic phase to the one-dimensional
antiferromagnetic semiconductor phase. This transition is
related to the freezing of the Li* ion motion in channels at
low temperatures. Unfortunately, experiments on the deter-
mination of the possible contribution of the superionic
conductivity to the electrical conductivity were not per-
formed in the studies.!??-121 We found for the first time a
similar hybrid electronic—superionic organic conductor in
the crystals of the (ET)Ag,Is radical cation salt.!??

The photoelectric properties of dmit complexes are also
of interest. It was shown 23 that hemicyanine dyes belong to
nonlinear optical materials because they exhibit high sec-
ond-order hyperpolarizability. More recently, it was
found '?# that these compounds can generate a photocurrent
with quantum yields of 0.22% —0.50%. Hence, it is of
interest to synthesize dmit complexes containing ODAPE
ions as outer-sphere cations.

\\ / \ ﬁ*CISHw-n

ODAPE —

Complexes of the composition (ODAPE);[M(dmit),]
(M = Cd, Ni) were characterized in the study.!?> It was
found that these complexes also belong to nonlinear optical
materials and can generate a photocurrent. In the case of
the (ODAPE),[Cd(dmit),] complex, the quantum yield is
1.1%, i.e., it is five times higher than that of the iodide
(ODAPE)I. The second-order nonlinear optical polarizabil-
ity of this complex ()., = 149.8 pm V1) is also higher
than that of (ODAPE)I. A remarkable feature of the
(ODAPE);[M(dmit),] complexes is that they can form
Langmuir — Blodgett films.!'23

Studies performed in the last decade showed that dmit
complexes can exhibit a superfast optical response and have
large third-order nonlinear optical effects.!6-126-129 For
example, the (Pr}N);[Cu(dmit),] complex (17), whose crys-
tals have a three-dimensional network of C—H---S hydro-
gen bonds, was described.!?® This complex is a rare example
of dmit cuprates, in which the [Cu(dmit),]?>~ anion is almost
planar. As mentioned in Section III, the twisted conforma-
tion of this anion is only slightly more stable than the planar
conformation (by 0.08 eV) and, consequently, the Made-
lung energy gain in the crystal can compensate this differ-
ence. The nonlinear optical properties of complex 17 were
studied '?® in an acetone solution (5 x 10—* mol litre—!) by
the picosecond Z-scan technique at 1064 nm. Figure 30
shows the Z-scan curves. As can be seen from Fig. 30,
complex 17 exhibits reverse saturation absorption and self-
defocusing. The second-order molecular hyperpolarizability
y = (1.8 £0.2) x 1039 stat units.
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Figure 30. Closed-aperture (CA) (@) and open-aperture (OA) (b) normalized Z-scan curves for complex 17 in acetone (5 x 10—* mol litre —!); the

result of the extraction of the curve b from the curve a (c).'?®
The solid line in Fig. ¢ represents the theoretical fitting.

In the early 1970s, dmit complexes attracted attention as
materials for the synthesis of tetrathiafulvalene derivatives,
which are starting compounds for the preparation of
organic metals and superconductors, i.e., they played only
an auxiliary role. More recently, it was found that synthetic
metals and superconductors can be prepared based on
mixed-valence dmit complexes. In recent years, the ability
of these complexes to form magnetically ordered structures,
such as quasi-one-dimensional and quasi-two-dimensional
magnets and spin ladders, has been discovered and exten-
sively investigated. It was found that these compounds have
nonlinear optical and photoelectric properties. Undoubt-
edly, the chemistry of dmit complexes will bring many
surprises because the properties of dmit complexes can be
varied in a very broad range from dielectric materials with a
broad band gap width to superoconductors, from diamag-
nets to compounds with temperature-independent paramag-
netism, due to changes in the formal oxidation state of the
central metal atom and variation in the nature of the outer-
sphere cation.
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