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1 INTRODUCTION

Tetrathiafulvalene (TTF) is one of the simplest
symmetrical tetrachalcogenafulvalenes. It was synthe-
sized for the first time in 1970 [1]. However, some
substituted derivatives, such as dibenzotetrathiafulva-
lene had been synthesized some years before [2]. The
Se analog, i.e., tetraselenafulvalene (TSF) [3], and the
Te analog, i.e., tetratellurafulvalene (TTeF) [4], are two
other of the simplest symmetrical tetrachalcogenaful-
valenes that have also been prepared. Nickel, bis[1,2-
ethylenedithiolate (2-)-S,5']-, abbreviated as Ni(edt),, is
one of the simplest (symmetrical) metal 1,2-dichalco-
genolenes. The difference, in comparison to TTF, is that
the double central bond of TTF is replaced by Ni. It was
synthesized for the first time in 1964 [S]. However,
some substituted derivatives had been known some
years before [6,7]. A number of tetrachalcogenafulva-
lenes and metal 1,2-dichalcogenolenes had been
prepared after the discovery of electrical conductivity
in charge-transfer complexes (CTCs) [8] of some
polycyclic aromatic compounds (n-donors) with bro-
mine or iodine [9,10] and after the suggestions from
the authors of refs. [10] that CTCs of sulfur containing
aromatic systems could be good conductors. Indeed,
CTCs of TTF with bromine, chlorine etc. were found to
be good conductors [11]. Also, CTCs of TTF with
organic n-acceptors, such as 7,7',8,8 -tetracyanoquino-
dimethane (TCNQ), or metal 1,2-dichalcogenolenes,
such as Ni(mnt),, where mnt is maleonitriledithiolate
were fourd to be good room temperature conductors (see
[12] and | 13], respectively).

TTF S
NC : CN
NC TCNQ o
Me S>=5¢ Me
MeIe Sej[Me

Some of these salts are metallic and undergo metal to
insulator transition at low temperatures. Also, the
symmetrical n-donor molecules, tetramethyltetrasele-
nafulvalene (TMTSF) and bis(ethylenedithio)tetrathia-
fulvalene (BEDT-TTF or ET) were found to give a
large number of conducting materials, i.e., radical
cation salts [8] and CTCs, some of which undergo
metal to superconducting transition (7.) at low
temperatures [14,15].

The first organic superconductor, (TMTSF),PF¢ [14],
with critical temperature 7, = 1.4 K under a pressure
of 6.5 kbar, was discovered in 1980. The first organic
superconductor based on ET, ie., (ET); ReO,4 [15],
with T, = 2 K under 4 kbar pressure was discovered in
1982. The salts based on TMTSF (Bechgaard salts) are
quasi-1-dimensional (q-1D) conductors, while salts
based on ET are quasi-2-dimensional (q-2D) conduc-
tors, because of the strong in-plane intermolecular
interactions due to S---S contacts. Some unsymme-
trical molecules, such as 3,4-dimethyl-3’,4"-ethylene-

- dithio-2,5-diselena-2’,5 -dithiafulvalene  (DMET) and

methylenedithiotetrathiafulvalene (MDTTTF) give
superconducting salts (see [16] and [17], respectively).

In the early 1980s, salts based on M(dmit),
complexes, with M = Ni, Pd, Pt and dimercaptoiso-
tnthione (dmit) as ligand (charge-transfer or cation
deficient complexes), such as (TTF)Ni(dmit), and
(BugN)o »sNi(dmit), were found to be conducting
materials [18] and some of them such as TTF[Ni-
(dmit),], found to be superconductors at low tempera-
tures [19]. However, since 1990, x-(ET),Cu[N(CN),]Cl]
remains the highest T, superconducting material based
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on organi¢ molecules (ET), with 7. = 12.8 K under
0.3 kbar [20].

During the last 25 years a number of tetrachalcogen-
afulvalenes and metal 1.2-dichalcogenolenes as well as
a large number of their conducting salts have been

prepared and studied. In our attempts to obtain new 2D

conductors and superconductors, a number of these
compounds have been prepared and studied at our
Institutes. The field of tetrachalcogenafulvaienes, metal
1,2-dichalcogenolene and their conducting salts has
been well covered by books and review articles [21-38]
through the 1970s and early 1990s. Also, a number of
brief review articles have appeared in conference
proceedings [39-46]. Because of the number of works
in this area through the literature of 1970-1990, this
paper will concentrate on more recent advances on new
compounds. Where necessary, for reasons of complete-
ness or historical importance, earlier works are cited.
The coverage of the last sections of this paper is limited
to conducting materials based on simple tetrachalco-

R, Y, 3 Q

RZIY?T{ 4IQ1 ,

RiX, X3Q
RZXZI : L

i,

genafulvalenes and metal 1,2-dichalcogenolenes with
O, S, Se, Te, N as additional heteroatoms, namely in
compounds of the formulae I-IV where X, = O, S, Se,
Te, N; Y; = S, Se; R;, Q; = alkyl groups, as well as on
the corresponding (symmetrical) metal 1,2-dichalco-
genolenes, where the central C=C bond of tetrachalco-
genafulvalenes is replaced by Ni, Pd. Pt etc. Also, some
information is given for materials based on larger
molecules, such as V,VI and the corresponding metal
1,2-dichalcogenolenes as well as the metal complexes,
including the Ni, Pd etc. atoms, are coordinated with
the edge heteroatoms of the above molecules. It should
be noticed that some related review articles appearing
in this volume give mainly information on the physical
properties of the individual materials: The structural
and physical properties of conducting and super-
conducting metal 1,2-dithiolenes are reported by
Kobayashi and Kobayashi [47a]. Nakamura [47b]
surveys electrically conducting Langmuir-Blodgett
films, some of which are based on tetrathiafulvalenes

RX,
R,X,I IQ
I 2 Y4I

XsQ
X6

Y:s
I I o
Y,
vi 6
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and metal 1,2-dithiolenes. Finally, the properties of
some perylene-metal 1,2-dithiolenes are reviewed by
Almeida and Henriques [47c].

2 PREPARATION AND
PROPERTIES OF PRECURSORS

In this section the preparation and the chemical and
physicochemical properties of tetrachalcogenafulva-
lenes and metal 1,2-dichalcogenolenes, which are
molecular precursors (or components) of conducting
materials, are described.

2.1 Starting and intermediate materials

Elemental S, Se, Te and some simple sulfur containing
and selenium containing compounds such as CS,,
CSe;, H,>Se, HSCH,CH,SH, (Me;N),C=S are used as
starting materials for the preparation of tetrachalcogen-
afulvalenes and metal 1.2-dichalcogenolenes. Most of
these starting materials are commercially available. In
most preparations, the intermediate compounds, 2-oxo-
1,3-dithioles, 2-oxo-1,3-diselenoles and similar com-
pounds are obtained by several methods (see
[1,3,7,16,17,25-300] and refs. cited therein). Most of
the intermediate compounds contain more than one
additional heteroatom (O, S, Se, Te, N). The simplest
intermediate compounds are listed in Table 3.1 (where
X =0, S, Se). However, (23) and Te containing
compounds (41), (42) are not known. Compounds
(1g), (2%), (1K), 2K') (7g), (Th), (71), (22) and (27)-
(40) contain functional groups such as CN, CHO,
SCH,CH,CN which can be transformed to other
groups: a CN group can be transformed to COOH
[57], a CHO group can be transformed to CH,OH
[127,130], SCH,CH,CN can be transformed to $™ and
then to SR [218] etc. (for details see below and [283]).
Some of the intermediate compounds, such as vinylene
trithiocarbonate (1a’, X =S) and 4,5-dimethyl-1,3-
diselenole-2-selenone (2b’, X = Se), precursors of
TTF and TMTSF, respectively, are commercially
available. Also, some tetrachalcogenafulvalenes, such
as TTF, TMTSF and ET, are commercially available.
Compounds (1), (2) and (3) have been prepared
by several cyclization procedures (see [l-
3,25,28,35,37,73,75,77,216.246] and refs. therein).
Vinylene trithiocarbonate (1a’) can be obtained in a
good yield by treating potassium trithiocarbonate,
KS-C(=8)-SK, with 1,2-dichloroethyl ethyl ester,
CICH,CHCI(OE), followed by elimination of ethanol
with p-toluenesuifonic acid. Vinylene trithiocarbonate

(12") and the Se analog (2a’) can be obtained in high
yields from (27), (29), (30), (31) and (32) by hydrolysis
and decarboxylation. Also, they can be obtained by
thermolysis of 1,2,3-thiadiazoles or 1,2,3-selenathia-
zoles in the presence of CS, or CSe,. Substituted
derivatives of (1a’), (2a’) and (32') can be prepared from
the corresponding f-keto-N,N-dialkylthiocarbonates,
B-keto-S-alkyltrithiocarbonates and Se analogs by
several different cyclization procedures, depending
on the nature of R and the heteroatom, etc. Similar
methods are applied for preparation of (4) [80,251]
and (5) [49,251]. Compound (6) has been prepared
by reaction of 1,2,3-pyrido[-4,5-b]-thiadiazole with
carbon disulfide [50,58]. Compounds (7), (8) and (10)
have been prepared by treating the corresponding
metal 1,2-dichalcogenolates with alkyl halides
such as CH;l, or dibromoalkanes such as BrCH,Br
or BrCH,CH;Br (see for example [48,53,
61,64,66,68,71,76,79,87,95,100, 101,109, 110, 118,
125,136,140,157,179,180,189,194,198,202,212,237,

' 243,244,249]). (BugN),Zn(dmit), and (EtyN);Zn-

(dmit), are commercially available, or can be obtained
by chemical reduction of carbon disulfide with Na (see
for example [53,66,68]). The Se analog can be obtained
by a similar method from CSe; [66,68]. (BugN),Hg(d-
mit); is obtained by electrochemical reduction of CS;
[66,68]. They are useful materials for preparation of
larger molecules (see below). Also, vinylene trithio-
carbonate and the Se analog can be used for preparation
of the corresponding zinc 1,2-dichalcogenolenes.
Scheme 3.1 outlines the procedures for preparation of
(7), (8) and (10) [64,68]. Dilithiation of materals
containing a vinylene group (in which acidic hydrogen
atoms are substituted by lithium) can be achieved with
lithium diisopropylamide (LDA) at low temperature
(—78°C). To the resulting product S or Se can be added
on going from —78°C to room temperature. Then, the
solid zinc 1,2-dichalcogenolates are isolated by reac-
tion with ZnCl,. An alternative method is used for
preparation of (7c) (see [170] and refs. therein).
Compounds containing vinylene group, such as (7g),
are obtained in good yield from the dilithium or
disodium chalcogenolates are purification through 4,5-
bis(benzoylthio)-1,3-dithiole-2-thione or through oli-
go(1,3-dithiole-2,4,5-trithione) and Se analogs (see
[68]). Details of the preparation of (7e) and (7f) are
given in [93,138,249] and refs. therein. Compound (7f)
can be obtained as a chiral (5,5-7f) or as a racemic
modification.

Compounds similar to (7), (8) and (10) with
2R =Ti(Cp), or 2R = SnBu, are prepared by reaction
of metal 1,2-dichalcogenolates or discdium 1,2-dichal-
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Table 3.1.
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X =0,8,8e; (@) R =H, (t') R = CH,, (¢') 2R" = CH;CH,, (d') 2R’ = CH=CH~CH=CH, (¢) R = OCHj, (F) R = SCH;, (g') R’ = CH,OH,
(W) R =Cletc; {a) R = CH,. (b) 2R = CHa, (¢} 2R = CH,CH,, (d) 2R = CH,CH,CH, (e} 2R = CH(CH;)CH;, (£} 2R = CH(CH;)CH(CH3),
(8) 2R =CH=CH, (h) 2R = C=0, (1) R = C;5H;2 (j) 2R = CH,OCH, (k) 2R = CH,SCH,, (1) R = CH,CH,Cl, (m) 2R == CH,CH,CH,CH,,
(n) 2R = CH,C = CCHj; (a) E = CH:O(CH,),Si(CH,)s, (b) E = CH,CeHaAc, (¢) E = CH,CH,CN™, (d) E = COPh; (@) Y = O, (b) Y = S, for
(17); @) Y = S, (b) Y = Se, for (4}, (5), (27}, (35) and (37), (c) Y = Te for (5).
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Scheme 3.1

cogenolates with titanocene dichlonde, Ti{(Cp),Cl,,
[78,117,125,153,252] and dibutyltin  dichloride,
Bu,SnCl, [275,288,291], respectively. Similar materi-
als can be prepared from the other compounds of Table
3.1. Organotin thiolates and selenolates, such as (Snl),
(Sn2), (8n7) (Sn9%) and (SniSe) can be prepared by
reaction of the corresponding 1,3-dithiole-2-ones and
1,3-diselenole-2-ones with MeMgBr (3.3 equivalents)
in tetrahydrofuran (THF), followed by trapping with

Cl;SnBu, at —78°C [291]. Transmetalation of (Snl),
(Sn2), (Sn7), (Sn9) with n-butyllithium (2 eqv) at
—78°C, followed by treatment with methyl dichloroa-
cetate, ClHCCOOMe, affords the corresponding esters
(E1), (E2). (E7), (E9) [275,291]. For the preparation of
similar compounds (35) and (36) see below. These
compounds can be considered as intermediate matenals
for preparation of larger precursors or tetrachalcogen-
afulvalenes. Scheme 3.2 illustrates the preparation of
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(9c, X = O) from 2,3-dihydro-1,4-dithiin through the
corresponding Ti(cp), intermediate [78], which reacts
with triphosgene (CC1;0),CO to give (9¢c). A similar
procedure has been applied for the preparation of (2c’)
[178]. Compound (lIc, X = Se) can be prepared by
application of well known ring-closure methods
[36,37.48] as illustrated in Scheme 3.3. A similar
procedure has been applied for the preparation of (3).

Similar ring-closure procedures have been applied
for the preparation of (12a, X = S) from 1.2-dichloro-
1.2-dirnethoxyethane [124] and (12c) from 2,3-dichlor-
odioxane (see [68-70.81,124] and refs. cited therein).
Also, the preparation of (20) from 2, 3-dichloro-p-
thioxane by a similar method has been reported very
recently [265]. Scheme 3.4 outlines the preparation
procedure of (12¢) and (20) [68,265]. Compound (20)
has also been prepared by a ning-closure procedure
[111] starting from mercaptoethanol and methyl

bromoacetate [235]. The derivative with X = O has

limited shelf-life, even in the freezer, and 1t is used
immediately after preparation [235].

A number of alternate, simple procedures have been
applied for the preparation of (13) and (14) (see [51-
54,59-61]): (13a’, X =7S), for example, can be
obtained by treatment of 2,3-dichloropyrazine with

potassium trithiocarbonate. Compounds (16c) can be
easily separated from byproducts (7c) by silica gel
column chromatography using CS; as eluent. Com-
pounds (15) can be obtained by the same procedure, but
the yields are low. An alternate method, via the BF;-
mediated reaction, is applied for the preparation of
(15c) from (17b) according to Scheme 3.5(a) {275]. A
simpler procedure is applied for the preparation of
(17a) (Scheme 3.5b) [275,267,288].

Starting from  4,5-vilynenedithio-1,3-dithiole-2-
thione, (7g), larger molecules, namely compounds
(16), have been obtained by the procedure illustrated
in Scheme 3.6 [72.275]. For the preparation of

(18) and similar compounds see [98,197,
119,165,197,205,218,257] and refs. cited therein.
For the preparation of (19) see [74,88,91,94,
119,151,223,227,231,255] and refs. cited therein.

Compound (21) can be prepared by the same methods
as for (13) and (14) from the dichloropyndazine
[50]. An improved procedure is described below,
starting from (34). The preparation of compounds
(22) and (24) are descnbed in [56] and [156,279],
respectively.

Compounds (25) and (26) can be prepared from the
corresponding dichloropyrazines and the corresponding

S\
== j[s'ﬂ(q)b Is Tl(Q))z = L Sn(Bu), j\s Sn(Bu);
_ S ’ " RS

(Ti 7h)

(Sn7h) (Sn7)

R< R’ Se S RS _Se
>———C(DYVE j[ 2—‘(11)% >—C(DMC :[ >—-C(X)M¢
R'- S R' S RS S RS ~S¢

(E1) (E2)

(-,

i== LDA in THF, -78 °C, N; ii= Se
iii=(Cp)TiCls. iv=(C1;CO),CO in THF

(E7) (E9)

(Lo =g

(9<:)

Scheme 3.2
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Scheme 3.5

disodium dichalcogenolates. Methods for preparation
of (27) and (28) are reported in [37,6,7] and [55,57],
respectively. Compounds (27), (29) and (30}+33) can
be obtained by reaction of acetylenes containing
electron-withdrawing groups (CN, COOR, CHO etc.)
with ethylenetrithiocarbonate or ethylenetriselenocar-
bonate (sze [28,68] and refs. therein). Compound (34)
can be obtained by a similar procedure as illustrated in
Scheme 3.7. It can be transformed to (21) by treatment
with hydrazine, H,NNH, [130].

Compcunds (35), (36) as well as (37), (38) have been
prepared from the corresponding zinc 1,2-dichal-
cogenolates by treatment with dichloroacetate
{CH;00CCHCIL) [62] and bromoacetate
(CH;00CCH,Br) [63] respectively. Also, (39), (40)
are prepared by a similar method, using Si(CHj);-
(CH;),0CH,Cl, Ac-pCsH4;CH,Cl, NCCH,CH,Cl and
PhCOCI as reagents [93,131,134,225,231].

Compounds (1){40) can be transformed into the
corresponding, phosphoranes (Wittig reagents) or into
the corresponding phosponate esters (Wittig-Horner
reagents [241]); these last reagents give better results.
Scheme 3.8 illustrates the procedures of their prepara-
tion [53,105,108,122,129,181,215,241,277,290,300].

Phosphonates based on (1), ie, (Pl), can be
prepared simply by heating 1,3-dithiole-2-thiones with
a tnialkyl phosphite at high dilution [215]. They react
with aldshydes, ketones, 2-iminium-1,3-dithioles or
dithioliurn salts and selenium analogs to give larger
molecules, precursors of extended tetrachalcogenaful-
valenes (see below). The reactions take place in the
presence of a base, such as butyllithium (BuLi) or
LDA. Some aldehydes and ketones, which have

_recently been used for preparation of large molecular

precursors, are listed in Table 3.2. Information on the
preparation and properties of some compounds of type
(43) [108,123,129,161,171], (44) [37,240,247], (45)
[292], (46) [292], (47) [184,262], (48) [184,262], (49)
[230,246,276], (50) [99,108,188,228,246], (51), (52)
[186,268,273,274], (53) [292] (54) [133,246], (55)
[116,154,187,203], (56) [121,233], (57) [122], (58)
[102,104,105,122,127], (59) [191] and (60) [183,241]
is given in the recent literature.

2.2 Preparation of
tetrachalcogenafulvalenes

One can design a large number of tetrachalcogenaful-
valenes by making (binary, ternary etc.) combinations
of compounds (1)}+(60). However, few of these
matenals have been actually prepared and studied. In
this section some methods applied over the years for the
preparation of tetrachalcogenafulvalenes are described.
Most of the symmetrical tetrachalcogenafulvalenes
have been prepared by self-coupling reactions of the
corresponding precursors (1){40), via triethyl phos-
phite, (EtO);P, or other trivalent derivatives of phos-
phorous (e.g., Ph3P), as shown in Scheme 3.9 (see for
example [53,62,48]). In the following paragraphs the
simple notation based on the numbers, which are
referred to the labels of the corresponding precursors
(1)(60) or the corresponding singles, are used, e.g.,
(7c-7c), ET or BEDT-TTF for bis(ethylenedithio)tetra-
thiafulvalene.

In some cases, e.g. coupling of (1) (R" = H, Me, Ph;
2R’ = CH,CH,CH,, CH,CH,CH,CH,) with (33) and
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~ S . Li_-S S LiS<__-S
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(78)
1“
LiX S
T -
LiX S S
111

S S S
(BwN)zanISI >==S + (BwyN)Zn I >=S
X S S s S S 5
X\ S S
" and/or (BusN), S=<S:(SI n< ]]: >:S
s g~ ~X s s

liv
CX X0~ (0

(16¢) (7¢)

1=LDA, THF at -72 °C

1i= X(=Se) at -72 °C—* 25 °C
lll= BU4NBI'. ZnClz in CH]OH;
1v=BrCH,CH,Br in acetone

Scheme 3.6

ot + (= e et i Y

(Et0),CH

i=xylene, A (33) (34) (21
= HCO;H. CH2C|2

lll= HzNNHz, DMF

Scheme 3.7
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G S N R -
S S
2

lm

X=5,0

i=Cl,CHOMe, acetone s s o
ii= HBF,, CH;Cly, Ac,0 X ( I >___g(0a)
111=(Et0);P/Nal, acetone N S :
(P7h)
RS
S . RS S RS
. S O
b 1
® IS>= ST j@}” PFy — > :[]: >—P(OEY);
RS RS” S RS S
o) (P7)

1=several steps
11=(EtO0):P, Nal/MeCN
Scheme 3.8

Table 3.2, Selected aldehydes and ketones

S . '

R NC \/ , R R
alva OO g
R NC Me— RN

(43) (45) (47) (49)
R R’ . ‘
NC _ R _ R
o O D Lo TS
RS NC — 0 ‘x O
(44) (46) (48) Ry" (s0y RV (32)
R
X H
0 /\ OHC\=< o=__
OHC CHO T>—0
x n X H
(53) (55) sn R (59)
N/ OHC S CHO
o) 0 OHC-"\ | | l! CHO : 3 :
s/_ s S CHO
) ' XR RS
R (54)R (56) (58) (60)

X =0, § for (47), (48), (52); X = S, Se for (54}, (55), (57). also X = NMe for {55); R,R" as in Table | and ref {28}, n = 1,23, ..
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@ [:::ﬂ:z>=x + x=<:]::j -—‘-» [::ﬂ:}m(:j[; (SCP)

(7¢c) (7¢)

{(7¢-7¢c)

00— Yo+ 0~ T Do—=o—~ Iy~ T y-otser)

(7h) (7h)

i*(EtO);P, A, NZ
SCP=Self-coupled product

(Th-7h)

Scheme 3.9

(34), dicobaltooctacarbonyl (Co,(CO)g) in benzene or
toluene is used instead of (EtO);P [30,37,130]. In most
cases, the best yield of self-coupled product (SCP) is
obtained by using 2-oxo-1,3-dithioles [180] and 2-oxo-
1,3-diselenoles (X = O) instead of the corresponding
2-thioxo- (X = S) or 2-selenoxo- (X = Se) compounds.
One can transform the 2-thioxo- or 2-selenoxo-
compounds to the corresponding 2-oxo compound by
using, for example, mercury acetate, Hg(OAc),, in
a CH,CI/CH;COOH (1:1) mixture. The opposite

(oo Y

(12¢)

i=(EtO);P in benzene, A, N3
SCPs=(12¢-12¢), (7£-7f)

<b>©I>=o+o=<SISI

(13a)
SCPs=(13a'-13a"), (7f-7f)

transformations ~ C=0 — C=S, C=0— C=Se,
C= — C=Se are also possible. They can be performed

-directly with B,S;3 or P,Ss [48,35] or through the 1,3-

dithiolium salts or 2-imino-1,3-dithioles with H,Se
[35,112] or NaHSe [126]. In some cases, selenones
give high yields in tetrathiafulvalenes after treatment
with Ph;P [75b]. The coupling sornetimes can be
achieved through the 1,3-dithiolium salts (Scheme 3.8)
by treatment with tricthylamine (see [37,204,226,277]).
A large number of unsymmetrical tetrachalcogenaful-

CO-COs

SCPs
(12¢-76)
Me
QUL
(13a'-7f)

o(oro == (=T en

(7c) (1a)

i=(EtO);P, 110°C, A, N,
SCPs=(7c-7c), (1a'-1a")

(7c-1a")

Scheme 3.10
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valenes have been prepared by (direct) cross-coupling
reactions of the corresponding compounds (1)~{40) via
triethyl phosphite, as in Scheme 3.10 (see for example
[52,69,113]). In the reaction of route (b) and similar
reactions the corresponding thione (13a’,X = S) is used
to increase the yield of cross-coupling product, by
decreasing the yield of the self-coupling product
(13a’-13a").

The reaction is followed by liquid chromatography
separation of the cross-coupling product (second
fractior) from the self-coupling products (first and
third fractions). In the above examples, CH,Cl, was
used for (b) and CS, was used for (a) and (c) as eluent
solvent on silica gel column. In all cases, the Rg value
of the cross-coupled product, AB, is approximately
given by

R:(AB) = %[RF(AA) + R:(BB)] (3.1
where AA and BB are the corresponding self-coupled
products [113]. Also, by similar procedures, tetrachal-
cogenafulvalenes, whicH are temary or quaternary
combinations of some compounds of Table 3.1, can
be obtained as outlined in Scheme 3.11 [48]. For the
preparation of similar compounds based on (18h) see
[97,107,119,197,205,218,257]. The procedures of
Schemes 9 and 10 (direct methods) are applied in the
cases where there is a widely varying polarity between
the cross-coupled products and the corresponding self-
coupled products; otherwise, some other (indirect)
methods are applied as it is outlined in Schemes 12
and 13 (see [60-64,70,93,131,206]).

R\
T s vox Lo
R~ S N S
(N (7h)
R s S
T~
R' S ) S
(1-7h)

1=(tO )P under different conditions
depending on R'(=CN, CFj, etc)
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In all cases (Schemes 3.12 and 3.13) functionalized
starting materials, such as (27)}+(40), which contain
polar additional groups, are used. The elimination or
modification of the polar additional groups is per-
formed in the last steps of procedures by several
different reagents (ii) depending on the nature of these
groups [64,82,95,131,202]. To avoid the self-coupled
products and to increase the yield of cross-coupled
product (i.e., unsymmetrical molecules), the Wittig—
Homer reaction procedures were applied in some cases,
as outlined in Scheme 3.14(a) (see [127,181,277] and
refs. cited therein) for the preparaticn of EDTTTF (7¢-
fa’).

Also, the non-coupling syntheses are applied for the
preparation of unsymmetrical tetrachalcogenafulva-
lenes, in which the organotin thiolates or selenolates
react with esters in the presence of Lewis acids, such as
timethylaluminum (Me;Al), as outlined in Scheme
3.14(b), for the preparation of DMET (2b'-7¢) [275,
291]. The Lewis acids TiCly, Me,AIC| etc., can be
used, but Me;Al gives the best results.

Starting from small tetrachalcogenafulvalenes,
containing at least one vinylenedithio group,
larger molecules can be obtained by the procedures
of Schemes 3.15 and 3.16 (see
[71,92,143,144,149,182,200] and refs. cited therein).
For a similar procedure, starting from TSF, see [92].

As in Schemes 3.1, 3.2 and 34, dilithiation of
starting matenials can be achieved with LDA at low
temperature. To the resulting product S, Se or Te can be
added on going from low temperature to room
temperature. The resuiting compounds react with alkyl

R S '
T~ -
r-" S R
(I-D

R S S SR
ToI><T +
R S S S SR

(1-7h-1)
R’ S S S S
T~ < T o
R' S S S )

(1-7h-Th)

Scheme 3.11
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CO,Me

S S CO;Me i SIS SI ' scp
<SIS>=:O ' S‘—}< I <S S>=:<S CO3Me S

CO,;Me
(7b) 31

i=(EtO);P in benzene. N3, A;
ii=LiBr+HMPA, ~120°C

(7b-31)

l 1
T~

(7b-1a)

Scheme 3.12

halides to give S, Se, and Te containing tetrachalco-
genafulvalenes. Isolation of the intermediate zinc 1,2-
dichalcogenolates followed by reaction with alkyl
halides (Scheme 3.16) gives pure products [71]. An
alternative mechanism is the formation, first, of the
monolithiation-product, in which then Se is added and
so on [269].

Larger molecules can be obtained from small
molecules containing several other functional groups,
such as CHO [130,217,283], as outlined in Scheme
3.17 [127,130]. The aldehyde-functionalized com-
pounds lead to the preparation of different products,
such as (1g'-1g"), (7c-21) (see also [266]). Moreover, a
four-fold olefination with the Wittig reagents
Ph3;P=CR’R’ (instead of H-NNH,) allows the prepara-
tion of tetraolefinated tetrathiafulvalenes [89,130,271].
For the preparation of some new tetrathiafulvalenes

from (71-71), (39¢-39c), which contain the CH,CH,Cl
and CH,CH,CN functional groups, see [95] and [218],
respectively. Bis- and tristetrathiafulvalene amphiphiles
have been prepared by using simple functionalized

tetrathiafulvalenes, such as (7¢-29) [2 19,264,283]. The

preparation of some extended (fused) tetrachalcogena-
fulvalenes, which are ternary, quaternary etc. combina-
tions of some compounds listed in Tables 3.1 and 3.2,
has already been described (Scheme 3.11). However,
some improved procedures, which give the required
product in a pure form and in high yield, have been
proposed recently. In these cases materials with
functional groups are used for the preparation of
extended systems. Scheme 3.18 outlines the preparation
of (7a-7h-7a) from (7a-39b) [134,172,176,117,236].
Compound (72-39b) contains the SCH,C¢H;-pAc

functional group. It can be obtained easily by a cross-

GX| XJRI . GX; X:R,
oI == T
X4Ry XaRy

X). X3, X1. X3 =8, Se, etc
Y. Y2 Y Y =8, Se etc
R, Ry = alkyl group, etc
1=(EtO);,P

lii
O

li= BuyNF - BrR-RBr, when G=(CH1):Si(CH;);OCH,

1i= NaOMe + BrR-RBr, when G=CH,;C¢H,0Ac-p

ii= LiBr + HMPA, when G=CH;00CCH, or 2G=CH;00CCH ctc.
Scheme 3.13
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/ S (") S [ _ . - S
Ly e GO T

(P7c) (11a})

1= 1-BuOK/THF, -78 °C
11= AcOH/toluene

O
(OEt)

I
S}
N S

I

(7c-1a")

Me— 53¢ SN Me— S S-S
e )
Me™ ¢ ST Ng Me— 8¢ SIS

(Sn2b") (E7c¢)

(2b'-7c)

i= Me3Al/CH,Cly, -78 °C— 25 °C, overnight
Scheme 3.14

coupling reaction of (7a) and (39b) via (EtO);P. The
intermed:ate zinc 1,2-dithiolate (as in Scheme 3.16)
and compound (7a-7h) are isolated in pure form.
Coupling of (7a-7h) with (7a) gives the required
extended system (7a-7h-7a); this is (7a-7a) in which a
tetrathiaphene (TTP) unit 1s inserted into its central
double bond. The same method has been applied for
the preparation of (7a-7h-13) from (7a-7h) and (13)
[288] as well as of some ethylenedioxy containing
compounds from (7-7h) and (12c) [174,175]. For the
preparation of (7-18h-18h-7) by a similar procedure,
see [221]. Scheme 3.19 outlines the preparation of

some other extended systemns [123,134,176,236,263].
Also in these cases, compound (la’-3b) is firstly
prepared by a cross-coupling reaction of (1a’) and (3b)
via (EtO);P.

The same method has been applied for the prepara-
tion of (1a’-7h-13) from (la’-7h) and (13) [289], and
(I1b'-7h-7) from (1b’-7h) and (7) [236]. For the
preparation of similar compounds see
[171,173,186,273,292]. Compounds (1-51a’-7) pre-
pared with the same method can be transformed into
the corresponding (1-52a’-7) wvia 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ), which is a dehy-

5 . Lin-S i ~ s XLi
[:;sz - u]Es>=:<s {Li - izIszI\L.

(la’-1a")

RX<—S XR'
R'xIstj[xm

1=LDA, THF, -78 °C
X=$, Se, Te

Rl \BrR--RBr
RX S S~ XR
RXIS>=:<SIXR

(7-7). (8-8) or (42-42)

Scheme 3.15
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(=00~ - O0<1

{7c-1a")

1= LDA at-72°C;

iL= Se, at -72 °C—* 25 °C;
11i= BuyNBr, ZnCly;

v= BrCH,CH;Br;

Seli

ln’i
S S S -S¢
[ I >=< I Zn(BugN)
s s— s
2
liv
(=T
S S ST se

(7¢-8¢)

Scheme 3.16

drogenation reagent [186]. Some intermediate func-
tionalized compounds, obtained by reactions of
Wittig-Homer reagents, such as those of Scheme
3.8, with ketones (compounds of Table 3.2) are used
for preparation of extended m-donor molecules. In

Scheme 3.20 an example of the preparation of these
new materials is outlined [129]. The same method
has been applied for the preparation of (47-7h-7).
They can be transformed into (48-7h-7) with DDQ
[184,262]

OHC:[:S S:]:CHO
HC S S CHO

(33-33)

4

[:S:[:S %:E:cno
S S :s CHO
{7c-33)

1= HzNNHz, DMF
ii= NaBH,, THF, MeOH

I~

(1g™-1g)

CH_OH

HOCH; CH;0H

S

, S S N
—_— Il
S S N

Scheme 3.17
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Scheme 3.19
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R~>: SIS>_("> oF i R SIS>=S
+ P(OEt ——» >=—X(
R “ S==<s S R s 8

(43) (P7h, X=S)
i= LDA in THF
li=Hg(OAc),, CHCl1, AcOH
11=(Et0);P

(43-7h)

l i
T o

liii

N s S>:=<S IS "
R ‘s][s s =5 R

(43-7h-Th-43)

Scheme 3.20

Lewis acid-mediated reactions of some organotin
compounds with electrophiles are applied in the prepara-
tion of some fused symmetrical and unsymmetrical
tetrachalcogenafulvalenes [275,288,291]. Scheme 3.21
outlines the method for preparation of fused tetrathiaful-
valenes. Non-coupling reactions of organotin compounds
with esters in the presence of Lewis acid Me;Al, give the
corresponcling ketones (7h-43) which are precursors of
fused tetrathiafulvalenes. Also, using the esters (E2e),
(E7c¢), (E44c) etc., instead of MeO,C-CH(R'),, and the
compounds (13), (14) and (24) instead of (7), the
corresponding fused tetrachalcogenafulvalenes have
been prepared by the same method [275,288,289].

For the preparation of fused tetrachalcogenafulva-
lenes with larger spacer groups, such as (15h), the Te
analog and the N analog, see [158,239], [232], and
[224], respectively.

Finally, a number of TTF-vinylogues have been

prepared by reaction of 4,5-bis(alkylthio)-2-(formyl-
methylene)-1,3-dithioles [105,127], 4,5-(dialkyl)-2-
(formylmethylene)-1,3-dithioles [105,127], or 4,5-(di-
carboxy)-2-(formylmethylene)-1,3-dithiole  [290,291]
with phosphonate reagents [105,127,129,290,291]
(Wittig—Horner reaction), sometimes followed by the
well known reactions of the functional group(s),
as shown in Scheme 3.22. The preparation of
similar compounds are reported n
[83,102,104,116,122,154,155,191,241]. Tetrathiafulva-
lenes and similar systems arising from compounds
more complicated than those of Tables 3.1 and 3.2 are
reported in [26,83,84,88,90,115,118,119,126,132,135-
138, 140142, 146-148,155-159,162,168,169,183,187,
190-193,195,196,198,199,202,205,208,210,211,213,
214,216,220,223,238,240,242,245,248,250,253,264,
270,281-284,286,288,295,297-299] (see also
[26.38,30,35,46]).

S S S S . RS S S S :
/ \ ' R R
\ / ' '

s~ s s—~s R RS~ § s—~s R

{(Sn 7h, X=0) (7h-43)

1=Me0,C-CH(R’);, Me;Al
11:2(7), (EtO);P in toluene

(7-7h-43)

Scheme 3.21
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i
!11(3])

CO-M

liii
L~ Lo~

(la'-7h-57a")

Scheme 3.22

2.3 [Electrochemical behavior of
tetrachalcogenafulvalenes

The electrochemical parameters, i.e., the halt-wave
redox potentials (£} ,,, Ej,.. E} , etc.), of tetrachalco-
genafulvalenes play an important role in the prepara-
tion, stability etc. of CTCs and radical cation salts
(RCSs) (see below). They depend on the temperature
and the nature of the surrounding medium (solvent,
electro]yte), etc. The first redox potential, (£} ;2) value,
is a measure of the ability of the donor (D) to g,nve an

electron, i.e., it is related with thc reaction D° 2 - D**
The dlﬁ'erence 4E(= E,/, - £l xs related mth the

reaction D* 2 D** (or 2D *° =D+ D) (see
[1,26,268] and refs. cited therein); it is a measure of the
on-site Coulomb repulsion in the dicationic state (see

A T r ¥

-
1] Anode

=4

280
[ah}

/1 Cathode

Fu

0 500 1000 1500
E{mV) vs. SCE

Figure 3. l Cyclic voltammogram of TTF at a Pt electrode
(7x10*M TTF and 0.025M BusNPF, in C «HsCN at
23°C); scan rate 10 mV/s; sensitivity 200 uA FS.
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below). Figure 3.1 shows the two reversible redox
couples (peaks 1,1" and 2,2") of TTF in BuyNPFg vs. a
standard calomel electrode (SCE). The electrochemical
parameters of an unsymmetrical donor (AB) can be
calculated from the parameters of the corresponding
symmetrical donors (AA, BB) by the equation

E'(AB) = {[E'(AA) + E'(BB)] (3.2)

In Tables 3.3, 3.4 and 3.5 the experimental values of
El . E}j, and AE of selected tetrachalcogenafulva-
lenes, ard in some cases the calculated values via
equation (3.2) under a variety of conditions are listed
[28,70,117,123,129,164,184.186,268,290]. In some
cases a third (i = 3), fourth (i = 4) and so on redox
wave is observed, for example in the compounds (7c-
18a’-7¢), (2d’-7h-43b"), (43b'-7h-7h-43b") [117,164],
(43b'-7h-1) [123], (7a-7h-1), (7a-7h-7) [177], (48-7h-
la’y  [184], (l-15h-1), (7-15h-7) [239] etc.
[129,154,155,183,187,195.192¢,205a,221,228,233].
These waves are due to higher oxidation stages (see
[26] and review [13] and refs. cited therein).

*

2.4 Role of additional edge groups and
spacer groups in the properties of
tetrachalcogenafulvalenes

Of course, there are two ways to obtain extended
tetrachalcogenafulvalenes: One is the substitution of the
H-atoms of TTF (Se and Te analogs) by several (hetero)
groups (i.e. edge groups) and the other is the
substitution of the intercyclic C=C bond of TTF by
several n-linking (hetero) groups (i.e. spacer groups).
For example, substitution of the H-atoms of TTF (la’-
1a’) on both sides by CH;, CH=CH-CH=CH,
SCH,CH,S, N=CH-CH=N gives respectively the

O~

(ia'-50a'-1a")

symmetrical tetramethyl tetrathiafulvalene (1b'-1b'),
dibenzotetrathiafulvalene  (1d’-1d"),  bis(ethylene-
dithio)tetrathiafulvalene (7c-7¢) and bis(pyrazino)-
tetrathiafulvalene (13a’-13a"), while substitution of
the 2H atoms of TTF on one only side by these
groups gives respectively the unsymmetrical
compounds dimethyl tetrathiafulvalene (1b’-1a’),
benzotetrathiafulvalene (1d’-1a’), ethylenedithiotetra-
thiafulvalene (7c-1a") and pyrazinotetrathiafulvalene
(13a’-1a’). Also, two tetrachalcogenafulvalene
units could be linked directly or by an alkyl or
thioalkyl, aromatic, ethenylene, ethynelene and other
spacer . groups (see for example
[121,214,119,139,148,187,199,205,219,220,231,250]).
The other case is the substitution of the central C=C
bond of TTF by several n-linking spacer synthons,
based on (50a’) and (51a’), for example, giving
respectively the compounds (la’-50a’-1a’) and (la’-
Sta’-1a’).

These kinds of substitutions affect on the polarity,

~ solubility, oxidation potentials and other physical and

chemical properties of tetrachalcogenafulvalenes. Some
examples are given in the following.

It has already been described that a number of
unsymmetrical tetrachalcogenafulvalenes can be pre-
pared by a cross-coupling reaction of the corresponding
1,3-dithiole-2-ones or 1,3-diselenole-2-ones, via
triethyl phosphite, followed by column chromatography
separation of the cross-coupled product (CCP) from the
self-coupled byproducts (SCPs), if there is a consider-
able difference in the Ry values of the CCP and SCPs.
For example, the R values of compounds (1a’-1a"),
(7b-7b), (8c-8c), (10c-10c), (12c-12¢), (13a’-13a’) and
(29-29) are 0.75, 0.77, 0.55, 0.49, 0.25, 0.08, 0.05,
respectively, on a silica gel plate using CH,Cl, as
eluent, i.e., the polarity of the latter compounds is larger

— S
()= ]
/ \/ \
(la'-51a'-1a")

D=0~ (<I0H~<T0)

(la"1ah (7b-7b)

{8C-80) (10¢-100)

geselcsscliges

(12¢-12¢) (134-13a)

(29-29)
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Table 3.3. Room temperature half-wave redox potentials and peak potentials (in mV) of selected tetrachzlcogenafulvalenes
under different conditions [28,70,186,268); calculated values via equation (2.2) are given in parentheses
Compound El, E}, AE El, E2, El EY

[‘S>=O=(S] (1a-52a"-1a)  110° 340° 230°
s S s
S¢ ™\ S~
C )_._._.,C—):( I j (1a-52a'-7c)  180° 380° 200°
s 8T NN 290* 650° 360°

Me~ S~ Me Y d d d
‘) ( (1b"-1b’) 360 840 480
M‘,I.q QIW 375 845" 470" 470° 940> 280°  750°
S S 367° 748" 81 370° 750°  380°
[s: :s] (1a"-1a) 319° 701¢ 382°
4704 810° 340¢

;
S S S
U= j]: ] (1a-52d7¢c)  370°  S80e  210°
S S S N
Seg-s S
Se™ ™8 S
Y9-8 S~e©
=) (12¢-12¢) 435 699 264°
R A 40 7200 280°

Me Se G Me
:[ >==<g i (2b/-2b") 5509 940° 390¢

(8b-1a’) 405° 790° 385° 490° 870° 320° 710°

Me™ st §e” ~Me 455° §32° 377° 535° 915° 375° 750°
<g]1\¥=(g]] (7b-12)) @sn®  (829° (378
$Tts S 460Z 8852’ 4252 545° 970° 375° 800°
(467)° (788)° (321
390° 690° 300°

Sw_-
[:[):‘( 7 (Te-1a') 402F  (720F (318
s S S
Ts
lIT}:Z‘]] (412412 so0f  gdp!  250¢
< Te

g 480° 760° 280°
. ‘t <
[g)ﬂg ]] (22'-22) 6207¢  (9007y¢  (2807)°
NS Se
Me g s <
I }=( Ia (2b'-Tc) (503 (774" @71y )
Me” Se 8T Ny 520 907 387 600° 980° 440° 835
567° 829° 262°

S \ . 3
E I\b@ij (Te-T¢) 486° 739¢ 253
S ST Ny
S S X s Me
( I )::(b I:[ (Te-70) (521 (902)° (381
S s S S Me
MeaSNAS. S~ Me
I I >=( I (76-76) 522° 897° 375° 595° 970° 450° 825"
s S $” s

Me Me
(continued )
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Table 3.3 (continued)
Compound El, Ef/z 4E E! E2 E}, EL,
(SJ[‘H“I% (7b-7b) 527° 812° 285° 595° 880°  460° 745°
S S S S
[0:[3 QI) (12¢-7g) 620°  1000°
0 S §
) S N b b b b b b b
):(S (12¢-13a") 630 1105 475 700 1190 560 1020
E( IS QIQ] 720° 1135° 415° 790° 1220 650°  1050°
0 v 680° 1020 340°
No—-§ S ! , ¢ ¢ ¢
@I e I (13a’-7¢) (688) (955) (266)
"N S S
NS, S~ S Me .
@I = I (13a'-70) (7210 (11300 *(409p
NS ST N TMe (9200°  (1363)°  (443)
(13a’-132’) 890° 1170° 280¢

QL0

? 0.1 M BugNPFg in CH;CN vs. Ag/AgCl electrode;
BuNBF, vs. SCE (see [28,70]); ©

G

than that of the former compounds. This means that the
additional groups (=SCH,S, SCH,CH,S etc.) consid-
erably influence the Ry values. Consequently, unsym-
metrical compounds (CCPs), such as (1a'-29), (7¢-13a’)
and (12c¢c-8¢c) can be easily separated from the
corresponding symmetrical SCPs, because of the large
difference in the Ry values. Instead, unsymmetrical
compounds (CCPs), such as (1a’-7b) and (7c-8c) cannot
be easily separated from the corresponding symmetrical
SCPs, even using CS; as eluent. Some indirect methods
are applied in these cases (Schemes 3.12, 3.13, 3.16,
etc.).

For preparation of CTCs and RCSs from solutions
(see below) the precursors (i.e., tetrachalcogenafulva-
lenes) should be soluble in organic solvents. Substitu-
tion of H-atoms of TTF (and Se or Te analogs) by CHj,

® 0.025 M BuyNPF in Cy HysCN vs. SCE; © 0.1 M ELNCIO, in CH;CN vs. SCE: 4 0.2 M
0.1 M BugNClO, in C¢HsCN vs. sce [186,268].

CH3(CH5),, CN, COOCH;, CH,0(CH,),Si(CHj3),
increases the solubility. TTF and ET are soluble enough
in CH;Cl, or C¢HsCN, but bis(ethylenediseleno)tetra-
selenafulvalene [28] and uracil containing tetrathiaful-
valene [270] are less soluble. Also, substitution of
SeCH,CH,Se and SCH,CHS by OCH,CH,O and
substitution of N=CH-CH=N or SCH=CHS groups
by SCH,CH,S and OCH,CH,O groups increases the
solubility.

It has been established that the solutions of
tetrachalcogenafulvalenes (n-donors) with E| /2 values
smaller than those of TTF (see Table .3) are oxidized
in air [268]. On the other hand, n-donors based on (4)—
(6), (13), (14) (17), (21), (23), (24) and (26)-(28) have
high E| , values and do not give stable CTCs or RCSs.
Salts of bis(pyrazino)tetrathiafulvalene (13a’-13a’), for

O~ O~ O0~<10)

(la- 79)

(7e-13a")

I~ (o<1

(I a-7b) (Te-8¢) ©

(12¢-8¢)
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Table 1.4, Room temperature half-wave redcx potentials (in mV) of selected tetrachalcogenaful-

valenes under conditions given below {117,164}

parentheses

2, calculated values via equation (2.2) are given in

Compound El, E JE
[}::(5:[] (1a™-1a) -50 360 410
\ch Neage- Me
Su:{ (2b'-2b") 40 380 340
Me I
Me
I IQ] 2b’-7¢) (70) (395) (325)
Se
Iq I (2b'-7h-43b') 70 360 290
Me €
S Se
I =] (2a-22) 90 400 310
Se Se ¢
S-S S
(q I q)=,(g Is) (7b-Tb) 100 330 230
b 3 S S
S-S, Sy S
[ I )==(SI } (Tb-7d) 100 410 310
g S S S
Me s S. _Me
e (43b"-7h-Th-43b") 110 320 210
Me>=:(:Is Is Me 150 440 290
Mg
LI ew g o
Se
NS 5 S Me
(S:[I &:.—(3:[ = (9¢-Th-43b") (190) (405) 215)
§” “Se S S
S S S-S
[ :[[ =CI (9¢-7b) 180 410 230
g7 " Se S S
-S $ g \‘
[ I%:(e][j (7¢-9¢) (185)  (450)  (265)
TS 8¢ g
S S Se b
EJ[ p I[j (9¢-9¢) 270 490 220
Se Se g
(9d-9d) 270 510 240

L=

* 0.1 M BugNPFg in CcHsON vs. Ag/AgNO; electrode.
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Table 3.5. Room temperature half-wave redox potentials (in mV) of some selected multihetero-
tetrathiafulvalenes; the corresponding values of some simple compounds are given for comparison

[123,129,184,290)°

Compound El, £}, AE
S s
[ );.—_(S:[] (1a-1a) 350 770 420
-8 S S
[ h st I s (1a-7h-57a’) X = S 370 500 130
s° so~s S]
-~ S-S S
SQ:(sIs):(s] (48-7Th-1a') X =5 370 600 230
S SS S
[Sﬂg:[qﬂs:ﬂ (12-7h-1a’) 440 620 180
I I Me (43b'-7h-1b") 450 760 370
MeS— S Su S S
P = 7a-7h-7 490 710 220
MeSIS sIs s:ﬂ (7a-7h-7a)
Me SMe
I I (43b'-7h-Ta) 500 750 250
Mc' SMe
SeS S-S
<SIS>‘=’(SIS> (7b-7b) 500 720 220
Me I I _—_> (43b'-7h-7d) 500 780 280
MeS.-
I[ I I (7a-Th-Tb) 510 700 190
MeS.. S S-S s-©
:[ ) I ) :ﬂ: ] (7a-7h-12c¢) 510 720 210
Mes~sT sessT s
MeS.
I I I ) (Ta-Th-7d) 510 730 230
MeS-
MeS— S  S—SMe
I o I ' (7a-7Ta) 510 780 270
MeSZ =S S”—SMe

{continued )
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Table 3.5. (continued)
Compound El, £, AE
S
M") (SIS) (SI ] (43b-7h-7c¢) 510 790 180
Me  s—~s  §-~g
S S S S
[ I = I j (Te-Te) 510 820 280
§7 T8 87™g
Me S S S S
y ):.—_(SIS):_(‘;IS) (43b-7h-7b) 510 830 310
Me N
SM
M“SIS) :SIS: (SI ¢ (7a-Th-7b0 330 710 210
MeS S S S S SMe
MeS—_-S S-S S-S
N SIS):(SIS)::(SI j (7a-Th-7c) 530 740 210
@ S
eSS S SN
ms]:s):(s S)=(SIO] (7a-7h-13a’) (>330) (> 740) (>210)
h : N

0.1 M BugNCIO4 in C¢HSCN vs, SCE.

examplz, are not stable in moist air [52]; the reason is
the weak donating ability of (13a’-13a’). In other
words, for preparation of stable conducting matenals,
the precursors (n-donors) should have E|, values
smaller than that of (13a’-13a") (see Table 3.3).
Substitution of H-atoms of TTF by alkyl (e.g. Me),
cycloalcyl etc. (electron donating) groups decreases
the E}/z value, while substitution by CF;, CN, MeO,C,
etc. (elzctron-withdrawing) groups increases the £/,
value. Substitutions of H-atoms by S and O containing
groups increases the £} ;2 values but decreases the AE
value, an important result for decreasing the on-site
Coulomb repulsion in the dication state. Also,
substitution by S. Se and N containing groups
increases the intermolecular interaction in the CTCs
and RCSs, but increases the £7, value (Tables 3.3 and
3.4). Moreover, the extension of tetrachalcogenafulva-
lenes by n-linking groups changes El‘/2 and AE values,
as is shown in Tables 3.3-3.5. The compounds which
are listed in Tables 3.3, 3.4 and 3.5 are good n-donors
for the preparation of CTCs and RCSs.

Taking into account the above descnbed and other
similar empirical rules, as well as equations (3.1) and
(3.2), one can design and prepare new n-donors, for
instance by binary, temary etc. combinations of (1)
(60), with the required polarity, solubility, n-donating
ability, etc.

2.5 Preparation and properties of metal
1,2-dichalcogenolenes

The most important metal 1,2-dichalcogenolenes,
which are precursors or components of conducting
materials are prepared by using CS,, CSe; and similar
simple compounds as starting matenals (see for
example [29,30,36,66,68]). For some recent prepara-
tions see [301-320]. Rich-cation metal 1,2-dichalco-
genolenes are used in some cases for the preparation of
tetrachalcogenafulvalenes, as has already been de-
scnibed above (see Schemes 3.4, 3.8, 3.16, 3.18 and
3.19). Moreover, some compounds, (1)+40), and some
compounds obtained from combinations of (1)}-(60) are
used for the preparation of metal |,2-dichalcogenolates
in several oxidation states. Some examples are given in
Schemes 3.23-3.25.

Starting from vinylenetrithiocarbonate (1a’) and
vinylenetriselenocarbonate (2a’) some cation-rich and
cation-deficient metal 1,2-dichalcogenolates can be
prepared as outlined in Scheme 3.23 [18,64,66,68].
Also, using S instead of Se in route (c), Scheme 3.1, or
using CSSe, 1.3-dithiole-2-selenone or 1,3-thiasele-
nole-2-selenone as starting materials, some ‘afloys’ of
metal 1,2-dichalcogenolates, containing both S and Se,
are obtained [66,68]. In refs. [301-303] the preparation
of compounds (BuyN),M(dmise), from 1,3-dithiole-2-
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S ] S S e S
(a) [ >==S —L » BwN) I >==S or (BwN) \{I >=S
S S S 5 Se S

!

|

S S Se S
e TS
S S 5 Se S 5

Se , e Se .. Se Se
S
Se Se Se 5 Se (4 i

I1=several steps (Scheme 7), M=Ni, Pd, Pt etc.
11=1; or Br; etc [18]; x=1 or x<1.

2

Scheme 3.23

‘

selenone in pure form is described. However, it is not
clear if these compounds contain small amounts of

e

(BuyN) M( dmm)

isomers, due to the rearrangement of S and Se during
the preparations, especially in the steps of the reaction
performed in an alkaline medium [66,68,303]. In
Scheme 3.24, the preparation of some simple com-
plexes is illustrated, by using (7¢), (7d) etc. as starting
matenals (see [53b,68,315] and refs. cited therein).

Scheme 3.25 outlines the preparation of some C=0
containing metal complexes [68,86,320].

They can also be obtained by a similar method, using
thiapendione as starting material, which is available
commercially [86,98,320a). The same methods can be
applied for the preparation of (BuyN),M(dtods), and
(BuyN)M(dsods),. Metal 1,2-dithiolenes and metal
1,2-diselenolenes can be prepared from the correspond-
ing 2-imino-1,3-dithiolium salts and Se analogs, such
as (I12¢), (Illc) and (I2b’) by treatment with
Ni(OAc),4H,0 [320b].

Similar complexes have been prepared from (24),
(27), (28), etc. Details are given in [5-
7,13,18.19,28,29,31,32,34,36,38,41-47,55-57,66,68,
156,257.294,301-320]. Moreover, the preparation of
complexes with Na, MeyN, EyN, etc. instead of BuyN

Se S
(RuN)x I >== (BuN)x
Se S 2

(Buy N)XM(dtodsl:

< (<

(I'llc)

(I 12¢)

(Buy N) M(dtods),

L

(I12b')
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S S . PhCOS S . PhCOS S

(BuN), Zd I Y5 — j]: =5 —l» =0
S S , PhCOS S PhCOS S
(394, X=9) (39d, X=0)

i
ne S
Na §
1=PhCCCl I >=0
Na' s S ‘
v

i1=Hg(OAc);, CH,Cl,+CH;COOH

iii=NaOH+EtOH y/ \

tv=BuyNBr, MCl,(M=Ni. Pd, Pt, etc)

v=1. S S N S S
Vi=Bu;NBr, ZnCl, (BuNY, Zt I >=O My (BuyN) M I >.:
S S S S
5

V“:N1Cf2
lv

S s
(BuyN), M I >=<
S .

S

)

O!
4

Scheme 3.24

RS S _ RS SNa N S SR
:[E>=s_x__. I il o BuNy, 2 I
RS S RS SNa S SR |,

jii ,W/
S SR
BwN) I
S SR
2
lv

2R= CH,CH,, CH,CH,CHy, etc. S~——SR
i= EtOK (BuN) M
SR/,

1i=BugNBr, ZnCl, S 2

1i=BuyNBr, MCl,, M=Ni, Pd, Pt, etc. l
vi

wv=MCl,
v= solutions in air

vi=Br,, etc. RS S SR
N/
/ N\

RS s S SR

Scheme 3.25
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Table 3.6. Selected ligands of metal complexes

S S =<S Se’
S=<sIs' ° SISe'

dmit dsit
Se Se S s
T <L
Se™ Se s s
dsis dmid or dmio
Q.
SIS‘ NC s
dddt mnt

S S Se_-Se’
sc:{Sj[g se=<sj[ |

~Se
dmise dsise
S Se’ Se ~Se’

L X

S: Se’ Se ~Se’
dtods dsods
CN
N S NFT S
dcit tdas

by similar procedures have been described. However, a
large number of studies have been done recently on
metal complexes based on the ligand (L) molecules of
Table 3.6 [301-320] (see also [66,67]). The unsymme-
trical complexes (BuyN) Ni(dmit)(dsis) have been
reported in [304].

Zinc 1,2-dichalcogenolenes with ligands larger than
those of Table 3.6 have been obtained as intermediate
materials during the preparation of extended tetrachal-
cogenafulvalenes (see Schemes 3.4 [72],3.16 [71], 3.18
[134] and 3.19 [176,263]). The corresponding Ni, Pd,
etc. complexes have not vet been prepared. However,
some complexes of Ni with more complicated ligands
are reported in [53b,305.307,308,311,316,317]. After
oxidation of cation-rich metal (M) 1,2-dichalcogeno-
lates (where M = Ni, Pd. P, etc.) by several methods
[18,31,315] the comesponding cation-deficient
(2<x<1, x=1 and 1 <x<0) complexes and in
some cases the neutral (x = 0) complexes are obtained,
according to the following reactions

[ML,]*~ — [ML,]"™ —
IML,]'™ — ML, — ML)

2<m<l,l <sn<?

(for some examples see Schemes 3.23-3.25). The
electrochemical redox potentials of complexes based on
some of ligands in Table 3.6 are reported in refs.
[294,301,303,304,314.320]. In all cases (ligands) the
oxidation of monoanions {ML,]'~ to [ML:]0 occurs
irreversibly. The effects ot the ligand on the redox
potentials are shown in the tollowing examples [314]:

(@) The redox potentials of [ML,]*” = [ML,]'"~
increase in the order dsis < dmit <dmise <
dsit < dsise.

(b) The irreversible electrochemical oxidation po-
tentials of [ML,]'™ — [ML,]® decrease in the
order dmit > dmise > dsit > dsise > dsis.

This means that the nature of the chalcogene
coordinated to the metal as well as the nature of
additional groups play an important role in the
properties of the complexes.

In some cases, such as in complexes based on dddt
and the methylenedithio analog [319], a third reversible
or quasi-reversible oxidation wave is observed
[312b,319]. This is due to oxidation of the neutral
species to the cation, according to the reaction

[ML,]* — [MLy]*™;

0<x<l

3 CHARGE-TRANSFER
COMPLEXES AND RADICAL ION
SALTS

3.1 Definitions and chemical classification

As was mentioned in the previous sections, tetrachal-
cogenafulvalenes and metal 1,2-dichalcogenolenes
could give nse to precursors of CTCs (and'or radical
ion salts), which are conducting matenals. The origins
of molecular conductors started at the seginning of this
century with the empirical discovery of molecular
association and complexes. It is currently accepted that,
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when these associations give rise to a stable solid
compound with a definite stoichiometry, thanks to an
electron transfer between an electron donor and
electron acceptor a stable complex association is
created. The first theory, which has rationalized the
experiments, was the intermolecular charge transfer
(CT) resonance theory presented by Miilliken in 1951 -
1952 (see [8] and refs. cited therein). This dimer model
explains, on the one hand, the presence of either an
almost neutral or an almost ionic ground state, and on
the other hand, the presence of a new, intense CT
optical absorption band in the visible or near infrared
range. Indeed, this color change is the first experimental
signature of CT salts [8]. On a more general note, the
resulting organization in the solid state is very sensitive
to the choice of the donors and acceptors, the
compound stoichiometry and the synthesis route. As
pointed out in the early works the most interesting
properties can be observed in compounds with strong
CT interactions, which result from n-type orbitals and
involve the formation of homomolecular stacks [321].
These systems are usually divided in two different
series labeled either as a’CTC or as a radical ion salt
(RIS). In the former case the neutral molecules tend to
associate into stable complexes with partial charge
transfer from the donor (D) to the acceptor (A):

D°A% - D*PA™* (3.3)

where p denotes the amount of charge transfer in the
DA complex; its value depends mainly on the
ionization potential of the donor and electron affinity
of the acceptor, quantities which are related to the
redox potentials in solution [268,322,323]. In radical
salts, donors or acceptors should be at first chemically
transformed into ions by an oxidation or a reduction
process and then these ions have to be spatially
organized, whereby a molecular association is realized
between a radical ion and a counterion, which in some
cases is a ‘closed shell’ system [321]. Compound with
0<p <1 (mixed valence systems), which are con-
ducting rnaterials, are obtained by reaction of donors
and acceptors with moderate redox potentials or by
reaction of a strong donor (acceptor) and a weak
acceptor (donor). Strong donor and strong acceptor
gives anionic (single valence) complex (p = 1), while
weak donor and weak acceptor gives a neutral
(molecular) complex, where no charge transfer occurs
[322]. A simple chemical classification of the salts
obtained from tetrachalcogenafulvalenes and metal
1,2-dichalcogenolenes is as tollows: Tetrachalcogena-
fulvalenes give radical cation salts (RCSs) with
(diamagnetic) anions such as CI7, ClO;, PF; and

AuBrj, as well as CTCs with n-acceptors such as
TCNQ. Also some metal 1,2-dithiolenes such as
Ni(dddt), give RCSs with AuBr;, IBry, ClO; etc.
Alkali metals, ammonium, tetramethylammonium and
similar (diamagnetic) cations form radical anions salts
with metal 12-dichalcogenolenes Last, salts are
similar to those obtained from diamagnetic cations
with m-acceptors such as TCNQ. Also, there 1s another
type of salts, i.e., metal 1,2-dichalcogenolenes with
tetrachalcogenafulvalenes or other ‘open-shell’ organ-
ic cations such as the perylene cation, which is not well
classified.

3.2 Preparation of compounds

Charge transfer complexes and radical ion salts can be
prepared either as single crystals and polycrystalline
powder or as thin films. Single crystals can be obtained
by the following methods:

(a) Chemical methods: In one of the methods, the
two compounds (e.g. a donor and an acceptor)
are dissolved in a solvent and the resulting
(saturated) solution is either cooled at low
temperature or is warmed at higher temperature
(for evaporation of the solvent) to obtain a
crystallization. If these processes are performed
slowly, the obtained crystals are large and of
good quality. In the cases where one or both the
components are not soluble in solvents they are
mixed together in a stoppered flask containing a
small portion of solvent, and the mixture
remains to react for several months [113]. If
the reaction is achieved by heating or ultrasound
agitation (in an open flask), it gives large yields
in a short time [324a]. In the diffusion methods
the two components are placed in two separate
tubes, for example in two coaxial tubes, which
are filled with a solvent. If one of the
components can be easily evaporated (e.g. 1),
only the tube which contains the other compo-
nent is filled with a solvent.

(b) Electrochemical method: This is also a slow
method. The reaction takes place in an H-shaped
cell with a porosity frnt, for example, where the
anodic compartment of the cell contains a
solution of donor or acceptor and a solution of
supporting electrolyte, while the other (cathodic)
compartment contains only a solution of electro-
lyte (see for example [25]). A low density
current is applied (0.2-1 uA cm™?) and the
crystals are obtained after several days or
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months depending on the nature of the materi-
als, the concentration and the current density.
The reaction should take place under neutral
atmosphere and/or in the dark, in the cases of
sensitive components. For the preparation of
RIS crystals by this method, supporting electro-
lytes with various anions have been used. These
aniors are: (i) monovalent: simple halide (CI™,
Br™, etc.), pseudohalide (CN™, SCN7, etc.),
linear polyhalide (I7. IBr7, etc.), linear metal
halide or pseudohalide (AuBr;, Aul; AgBry,
Ag(CN);, etc.), tngonal (NO7), tetrahedral
(C10y, Inly, GaCly, etc.), square planar
(AuBry), trigonal pyramidal (TeF), octahedral
(PF;, SbClg, etc.): (i) bivalent (Pt(CN)3-,
SOZ~, Hg,l3~, CuCl;7); (iit) polyoxometalates
such as MW ;04 (M = Co, Cu, etc.); (iv)
chelate complexes, such as metal 1,2-dithio-
lenes, Fe(C,04)3, N1(C5S;0,),; or (v) organo-

CT association

neutral

molecular crystals

(mixed stacks)

metallic, such as Cu(CF3)y; (vi) organic, such as
C(CN);, N(CN),. In some cases. the anion in
the RCS is different from that of the supported
electrolyte. For example, Hg,Br;™ gives salts
with Hg, goBri~ (polyanion) [325a], N(CN)y
and CuBr give CuN(CN),Br™ (polyanion)
[325b], and SeCN™ and Cul give Iy (simple
anion) [113,326]. By changing the experimental
conditions or the method of preparation often
several different phases are obtained. Video
microscopic studies of electrochemical crystal
growth have been described recently [329]. This
montitoning of crystal growth in situ, allows us
to adjust external parameters such as tempera-
ture, voltage and current density, in order to
obtain high quality crystals.

Chemical oxidation or electrochemical oxidation of
rich metal 1,2-dichalcogenolates give cation-deficient
conducting matenals, but in the presence of a n-donor
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Schematic structural organization of n-molecular CT complexes [331].
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(e.g., tetrachalcogenafulvalene, perylene) give the
corresponding  metal  1,2-dichalcogenolene—‘open
shell’ system.

Mutual substitution or metathesis, instead of a direct
oxidation reaction, is also applied as shown in the
following examples [18a,66]

TTFI + (BugN), Ni(dmit), — TTF-Ni(dmit), + Bu,NI
D, I, + Bu;NCu(SCN), — D,Cu(SCN), + Bu,NI,

Thin films of CTC or RIS deposited on several
substrates (e.g. glass, polymer, metal) can be prepared
by the evaporation— deposition method [327,328], or
the Langmuir-Blodgett technique [330,47b].

3.3 Some common general features

Up to now several hundred CTCs and RISs have been
synthesized with a wide range of stoichiometries,
crystal structures and physical properties, and some
common features have been identified [3311]:

(a) Donor or acceptor molecules are organized to
form homomolecular blocks (D), or {A), as
dimers, trimers or tetramers, and not hetero-
molecular blocks of the (AD) type, as expected
formerly. These molecular blocks can form
segregated or mixed stacks as shown in Figure
3.2 [331].

(b) The degree of charge transfer in a CTC or the
degree of 10onicity of a radical ion (p) in the salt
is a crucial parameter, and is controlled in the
former case by the redox potentials in solution
and in the latter case through the compound
stoichiometry [322.332]. It can be either an
integer or a fractional number. In the latter case,
we have mixed-valence molecular blocks, e.g.
(D) *. (Dy)* Y, (Dy)*, or even a uniform
stack (D, )" . A direct analogy with the
Robin-Day classification for inorganic mixed-
valence compounds has been proposed whereby
all kinds of molecular compounds may be
classified [333]. [f all lattice sites are equivalent,
each molecule may be regarded as carrying a
fractional charge due to delocalization of
radical electrons: in other words we consider
rnainly the following homogeneous mixed-
valence states.

(c) m-molecular orbitals occupied by radical elec-
trons can overlap, forming a continuous path in
cne direction (stacked or planar molecules) or
creating 2-dimensional sheets. In both cases the

transfer integral, ¢, can be calculated from the
extended Hiickel approximation [334], which
predicts very narrow electronic bands of
restricted dimensionality (sez below).

As noted before, radical cation salts are always
associated with an ‘inert’ counterion. It plays a crucial
role in the properties [331]. Indeed, the structural
organizations and their instabilities [335] depend on the
size and the shape, the electrical charge and, eventually,
the magnetism of the counterions present. These salts
are usually binary or even ternary compounds when
either a neutral organic solvent or water are involved.
They are defined by the general formula

(D,)"" X" (solv),, usually with p :g <1 (3.4
In most cases the observed stoichiometries for classical
mixed-valency salts are 2:1 or 3:2 [22,336-338]. In
some cases these are 1: ~1 [326], 2:1.75 [261], 3:1
[337] etc. [339]. The stoichiometnies of cation-deficient
metal 1,2-dichalcogenolenes (Z,)" " A""  (solv),
(where A = metal 1,2-dichalcogenolene) could be
05:1,04:1, 033:1, 0.28:1, 0.25:1 [18b,31]. For
the complexes of the type (D,)" ™ A" (solv), the
stoichiometries could be 05:1, 1:1, 1.2:1
[18b,31,340].

In the pursuit of more highly conducting matenals
over last years, the initial concept of a regular stack has
been abandoned in favor of more exotic molecular
arrangements such as those illustrated in Figure 3.3 for
tetrachalcogenafulvalene salts (for details see [22,341-

410]):

(1) zig-zag stacking of centrosymmetric dimers as in
the case of (TMTSF),X salts (with X = ClO,,
PF, etc.), the so-called Bechgaard salts (Figure
3.3,1) and sulfur analogs

(2) strongly dimerized chains with a deformed
stacking axis (Figure 3.3,1I) as in the case of
some (DMET),X salts

(3) sheets of stacks as in the 2x-phases (Figure
3.3,II1) and pB-phases (Figure 3.3,1V) of salts
based on ET, EDTTTF, etc.

(4) sheets of interacting orthogonal dimers, 1.e., k-
phases (Figure 3.3,V) or polymeric-like sheets,
i.e. t-phases (Figure 3.3,VI) or salts based on
several symmetrical or unsymmetrical tetra-
chalcogenafulvalenes.

Similar arrangements were observed in metal 1,2-
dichalcogenolene complexes (see for example [411-
437)).
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Figure 3.3. Illustration of molecular arrangements in some
tetrachalcogenafulvalene salts.

3.4 Crystal structures

As was mentioned before tetrachalcogenafulvalenes
and metal 1,2-dichalcogenolenes give a wide variety of
CTCs and RISs. These salts are relatively light
materials (density less than 2.8 g/cm’), in most cases
stable in moist air, and relatively clean compared with
inorganic matenials.

The structural properties of these matenals depend
on the naturz of donor or acceptor molecules and the
counteranion or the countercation. Sometimes, several
different phases are obtained from the same constitu-
ents, which generally cannot be recognized from their
external appearance. ET iodides, for example, are
obtained in at least 12 phases [22]. In a few cases,
different phases can be distinguished by their appear-
ance, for example, f'-(12c-7g),l; is crystallized as
golden-bronze needles, y-(12c-7g),1; is crystallized as
black needles and t-(12¢-7g)(I5)(I3) < 1 1s crystailized
as bronze—black plates [351]. The shape of the crystals
sometimes indicates the internal structure. For exam-
ple, needle-like structures usually have a columnar

structure and plate-like crystals, which are easily
cleaved, have a lamellar structure. Over the last years,
a large number of phases, which are empircally
labeled as a-, B-, y-, 6-, €-, {-, -, O-, k=, 7~, &=, T, %',
p'-, a-, etc., have been prepared and studied. The
crystal structures have mainly been determined by
usual X-ray diffraction techniques. The biggest
problem in these experiments is the great tendency
of some crystals to form twins. In this section
the resuits of X-ray crystal structure analyses of
some selected structures (mainly new matenals)
are described, although there is a large vanety
of them: Structures based on tetrachalcogena-
fulvalenes are reported in the literature [43-
45,76,107,132,142,143,146,162,164,169,172-175,177,
178,202,206,223,237,239,261-263,280,287,290.326,
329,339,341-410]; structures based on metal 1.2-
dichalcogenolenes or on both tetrachalcogenafuiva-
lenes and metal 1,2-dichalcogenolenes are reported in
[43-45,294,301-305,313-315,317,318,338,410-437].
In the following sections the structures of salts based
on tetrachalcogenafulvalenes first and then the struc-
tures based on metal 1,2-dichalcogenolenes or both
will be described. They are classified as columnar,
lamellar and other structures. The classtfication is
based on the magnitude of interactions in several
directions, namely on the values of intermolecular
contacts in comparison with van der Waals diameters
(which are 2.8, 3.0, 3.7, 4.0 and 4.4 for O, N, S, Se and
Te, respectively).

3.4.1 Columnar structures

In the following some columnar structures, of which the
room temperature (RT) crystallographic data are
summarized in Table 3.7, are described (see rets.
[24,25,153,164,178,372,280,372,438-441]).

3.4.1.1 Bechgaard salts and sulfur analogs

It was demonstrated 15 years ago (see [24,25]) that
Bechgaard salts (TMTSF),X, and sulfur analogs,
(TMTTEF), X, which are g-1D conducting crystals, are
crystallized in a triclinic system (space group P1). The
basic architectural feature is the zig-zag columnar
stacking of nearly planar TMTSF (2b'-2b") or TMTTF
(1b'-1b") molecules (face-to-face stack) parallel to the
a-axis (i.e., parallel to the needle-axis with the highest
electrical conductivity), as illustrated in Figure 3.3(1).
The structure is dimerized along the stacking axis.
which is more pronounced for sulfur than for the
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selenium salts. The unit cell contains one molecular
formula (i.e. Z = 1). In these columns there are some
weak interstack (interchain) Se---8e or S---S con-
tacts, where the corresponding distances are close to the
van der Waals diameters.

3.4.1.2 (EDTTTF),AuBr,

This salt, in which EDTTTF is the unsymmetrical
molecule (7c-1a’), is crystallized in the monoclinic
system (space group C2/m) ([439-441]. It has a
structure  similar to the Bechgaard salts. Similar
structures are based on larger donor molecules also
described [197].

3.4.1.3 (DMET)-X- salts

Ten years ago. some salts of the type (DMET), X, where

DMET is the unsymmetrical molecule (2b’-7¢) and
X = PFg, BF;, Au(CN), etc., have been prepared and
studied. Most of these are crystallized in the triclinic
systern (space group PI), in which the DMET
molecules form columnar stacking with some dimer-
ization (see Figure 3.3,1I). There are interstack interac-
tions stronger than those of Bechgaard salts (i.e. shorter
S---8 and S- - Se contacts) [442].

3.4.14 (DMETTSeT),X salts

The salts (DMET-TSeT), X, where DMET-TSeT is the
unsyrametrical donor molecule (2b'-8¢c) and X =15,
Aul,, AuBr, etc., exhibit Bechgaard-salt-like columnar
structures. The salts should lie on the border between
columnar and planar systems [153,164].

3.4.1.5 (DIMET),I

This salt, where DIMET is the unsymmetrical molecule
(1b’-7¢), has a columnar structure, but the intercolumn
S---S interactions are stronger than those of
(DMET),l;5 [372].

3.4.1.6 (TMET-STF),X

In the crystals of the (TMET-STF) salt, where TMET-
STF is the unsymmetrical molecule (2¢’-7c¢), there are
two crystallographically independent donor molecules
(A, B) each of which constructs independent columns
(column A and column B). In the column B network,
the stacking arrangement is similar to that of a
Bechgaard salt, while in the column A network there
are intercolumn contacts [178]. Similar results have
been obtained for (TMET-STF),BF; [280]. (TMET-
STF),Au(CN), is isostructural with the Bechgaard salts
[280].

3.4.2 Lamellar structures

There is a large number of salts with different laminar
structures that are q-2D (or 2D) conductors, but only
some of them are described here; these are the so-called
2=, f-, A-, 8-, k-, and 7-phases. Crystals of A-phase have
a needle-like shape, while crystals of other phases have
a plate-like shape. Crystals of t-phase are easily
cleaved to thin plates parallel to the ab-plane. The
structures of some «-, -, k-, and r-phases are shown in
Figures 3.4-3.11. Based upon the observed space
group symmetries, unit cell cons:ants, stoichiometrics
and number of molecules per uniz cell, these materials

Table 3.7.  Crystallographic data of some columnar structures at RT

(2b-2b),PFe" (2b-Te)Au(CN)®  (Ib-7c)05¢  (2b-8c)I¢ (2¢-7¢),C0¢  (7c-12'),AuBr,f
Space group Pi Pl PI 1 Pl C2'm
a (A) 7.297 6.763 6.674 7.826 8.021 7.209
b (A) 7.711 7.710 7.732 15.908 29.730 29.033
c (A) 13.522 15314 15.589 6.737 6.556 6.644
a (deg) 91.29 90.20 97.77 92.72 90
83.3¢
B (deg) 96.81 98.38 102.42 105.20 111,62
86.27
7 (deg) 75.04 78.88 89.55 93.80 90
71.01
V(A% 7143 765.9 780.6 811.4 1501.7 1294.4
z1 1 1 1 1 2

* Ref. [24] and refs. therein; © ref. [441]: © ref. [372]; ¢ ref. [164];

® ref. [178]; ( ref. [440).
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are expected to be quite varied. However, it is still
possible to make some general comments about the
phases under discussion (2, 8, 4, 8, x, 7). The crystals
of all phases have layered structures consisting of
alternatirg sheets of donor molecules and sheets of
anions or polyanions. The t-phase is an exception in
that its ‘donor’ sheet is in fact a mixed donor/anion
sheet which alternates with an anion sheet. In all
phases there are S---S interactions inside the donor
sheets. The different phases arise primarily from
differences in the packing of the donor molecules
and secondarily from differences in the anion char-
acteristics. In phases x, 8, 0, 4 the donor layer, in
general, is made up of nearly planar donor molecules
packing face-to-face to form stacks (intrastack pack-
ing) and the stacks packing side-by-side (interstack
packing) to form a layer. Differences arise in the
intrastack direction from relative displacements of the
donor molecules along the long molecular axis, along
the short in-plane molecular axis and from relative
rotations between these axes. There are differences
also in the intrastack direation as can be seen in Figure
3.5 for the a-phase which displays the herringbone
pattern and Figure 3.7 for the f-phase which has the
honeycomb pattern. So it can be said in general, that
the structural differences between the phases z, f, 8, 4
or even among compounds that belong to the same

c
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Figure 3.4,
atoms of NH,.

phase, arise primarily from different combinations of
intra- and interstack packing modes. The donor layer
of the k-phase is made up of almost orthogonal dimers
(Figure 3.9). Finally the donor layer of the t-phase has
the characteristic packing mode of Figure 3.11. One
more structural parameter that characterizes these
phases is that the number of independent donor layers
per unit cell can vary from one (Figures 3.4, 3,6, 3.8)
to four (Figure 3.10).

In the following sections a more detailed description
of each phase, referring each time to a particular
compound, is given.

34.2.1 a-(BEDT-STrF)-NHHg(SCN),

The structure of this compound, where BEDR-STrF is
the donor molecule (7¢-11c), which is isostructural with
2-(ET),NH,Hg(SCN)4, is shown in Figures 3.4 and 3.5
[443], and the crystallographic data are given in Table
3.8 [443-445,394,388b]. The difference is about the Se
atom disordered over all S positions of the core
heteroatoms. The crystal has a layered structure
(Figure 3.4) consisting of a donor layer which
alternates in the b direction with a polymer
[NH4Hg(SCN)4]%~ anion layer. It contains one donor
layer per unit cell and this layer has the charactenstic

Stereoview of crystal structure of 2-(BEDT-STrF).NH,Hg(SCN),4 at room temperature. Solid circles represent N
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Figure 3.5. Arrangement of donor molecules in x-(BEDT-STrF),NH,Hg(SCN), at room temperature.

herringbone pattern (Figure 3.5) in the interstack
directions a.

The donor layer contains three crystallographically
different donor molecules (A, B, C, Figure 3.5) which
pack in two alternating stacks [ and [I. Stack I contains
parallel donor molecules A—A-A ... and stack II the
two non-parallel (dihedral angle of 7.7° between mean
molecular planes) donor molecules B-C-B-C.... The
dihedral angles A-B and A-C are 74.7° and 82.3°
respectively. These dihedral angles vary between 60°
and 85° in this phase of the various compounds (Table
3.8). All ethylene groups in this structure are ordered. It

Table 3.8. Crystallographic data of some z-phases at RT

should be noted here that while in the 2-(ET)I;
structure [22,446] the ethylene groups of the ET
molecule in stack I are staggered and those in stack Il
are eclipsed, in the present structure all ethylene
groups are eclipsed.

For some other x2-type
[78,237,288,382,388b,389£,393,394].

phases see

34.2.2 B-(BEDT-STrF)>Aul,

The crystal structure of this compound is shown in
Figures 3.6 and 3.7 and the crystallographic data are

(Tc-7¢);NHsHg(SCN)*  (7c-11¢);,NH,Hg(SCN),®  (7c-To)KHg(SCN),S  (9¢-9¢c).by!  (Ta-Th-Ta),l,¢
Space group  PT P1 Pi Pl Pl
a(A) 10.091 10.125 10.082 9.209 13.324
b(A) 20.595 20.699 20.565 10.816 16.375
c (A) 9.963 9.9072 9.933 176.607 12.333
a (deg) 103.70 103.60 103.70 96.777 110.59
B (deg) 90.53 90.56 90.91 97.89 99.93
7 (deg) 93.30 93.40 93.06 90.69 86.10
V(A% 2008.1 2027.1 1997 17415 2481
z 2 2 2 2 2

* Ref. [443]; ® ref. [444]; © ref. [445]; ¢ ref [394]; € ref [388b).
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Table 3.9. Crystallographic data of some f-phases at RT

(Tc-7¢), 152 (7c-11¢),Aul,®

(8¢-Tb),15¢

(7¢-Th-7¢c); Au(CN),¢ (7¢-7¢),CuCl,*

Space group PI Pi

a (A) 10.785 6.605

b (A) 9.172 9.024

c (A) 17.39 15.385
x (deg) 82.08 94,931

B (deg) 96.92 98.611

¥ (deg) 89.13 110.751
v (A%) 1690.3 838.21

z 1 1

Pi Pl

6.1182 8916 6.623
9.7525 17.916 9.723
14.9826 7.944 12.658
92.306 101.74 85.98
107.586 112.28 79.72
73.209 82.33 79.905
814.78 1147.5 789.0

| !

3 Ref. [25), p. 52; ® ref. [261]; © ref. [206]; 4 ref. [388al; © ref [350].

given in Table 3.9 [261]. It is isostructural with B-
(ET);Aul; and B-(ET),l5 [22,25,262,446]. The differ-
ence is that this has the Se atom disordered over all S
positions of the core heteroatoms. The layered
structure is apparent from the figures; it contains one
donor layer and one crystallographically independent
donor molecule per unit cell. Therefore the stacks are
made of parallel donors (A-A-A ...) and subsequent
stacks are related by translations. Along the stacks, the
molecules are dimerized in their long-axis lateral
displacements, but the short S..-S contacts are
between rather than within the stacks which gives the
donor layer its characteristic honeycomb appearance

Figure 3.6.

(Figure 3.7). The ethylene groups are eclipsed in this
structure. The crystallographic data of similar f-phases
are given in Table 3.9.

For some other B-phases see
[206,237,326,350,353,361,384,388b,404,410,439]. A
new interesting salt, (DTEDT)[Au(CN).]o.4, based on

‘an unsymmetrical donor molecule (1x'-7h-57a) is

crystallized in B-phase, but the arrangement of donor
molecules form uniform stacks (i.e.., no dimers). A
similar uniform arrangement is also observed in
(DTEDT);SbFg and (BDT-TTF),X, where BDT-TTF
is (1a’-7h-1a’) and X = ClOy, SbFg (sce [263,290] and
refs. therein).

Stereoview of crystal structure of S-(BEDT-STrF),Aul; at room temperature.
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Figure 3.7.

3.4.23 O-(ET).I,

The crystal structure of the title compound or more
correctly of 8-(ET),(I9),_(Auly), (with x<0.02)
[438—447] resembles. that of x-(ET),Is; and, by
extension, of x-[BEDT-STrF].NH,;Hg(SCN),; of Fig-
ures 3.4 and 3.5. The donor layer has the characteristic
herringbone pattern already described for the x-phase
(Figure 3.5). This compound is of higher symmetry
than the triclinic of the a-phase; it contains one
independent donor molecule inside the donor layer
(instead of three in the x-phase), so that all stacks are
identical and of the A—A—A ... type with the dihedral

angle tetween mean donor planes in adjacent stacks
within the range 60-85° observed for the x-phase.

another feature that distinguishes this from the x-phase
is that the #-phase contains two, rather than one, donor
layer per unit cell. The crystallographic data of this and
similar salts of the -phase are listed in Table 3.10. For
some other #-phases see [78,172.262.403].

Table 3.10. Crystallographic data of some -phases at RT

Stereoview of donor arrangement in -(BEDT-STrF)>Aul, at room temperature.

3.4.24 J-(BETS)-FeCl,

The crystal structure of this salt. where BETS 1s (9c-
9c), has similarities to both the x- and f-phases (see
[297,377,395,396]). It contains two independent donor
molecules per unit cell which form identical stacks of
the alternant A-B—A-B... type. It resembles the -
phase in the intrastack packing since its stacks are
similar to I[-type in Figure 3.5, but presents analogs
with the f-phase for the interstack packing since the
donor layer has the honeycomb pattern of Figure 3.7. It
contains one donor layer per unit cell as in the case in
the x- and fB-phases. The crystallographic data of this
and similar salts of the ~-phase are listed in Table 3.11.
3425 K-(ET)QCZQ(CN);

The structure of this phase (Figures 3.8 and 3.9) is
distinctly different from those of phases 2, £, 8, 4; in
this phase the donor layer contairs no stacks [373].

(Te-7Tehals,  (7b-12'),Au(CN),®

(8b-12");Au(CN),”

(9c-9¢);HgBr¢  (7¢-7¢);Cuy(CN) [N(CN),)-*

Space group Pnma Pn2n Pn2n
a(A) 10.406 10.060 10.198
b(A) 31.454 27.833 28.147
c (A) 4.163 4.061 4.085
a (deg) 90 90 90

B (deg) 90 90 90

7 (deg) 90 90 90
V(A 1362.5 11372 11726
z 2 2 2

14,/a 1222
9.742 11.088
9.742 38.837
75.68 4.201
90 90

90 90

90 90
71825 1809.1
2 2

* Ref. [447] and refs. therein; ® refs. [202,401}; © refs. [78,342]; ¥ ref. [390].
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Table 3.11. Crystallographic data of some /A-phases at RT
(9¢-9c),FeCly* (9¢-9¢),GaCly* (9¢-9¢);GaCly®

Space group Pi Pl Pl
a(A) 16.164 16.141 16.165
b (A) 18.538 18.580 18.612
c (A) 6.593 6.594 6.608
x (deg) 98.40 98.37 98.41
B (deg) 96.67 96.77 96.69
v (deg) 112.52 112.55 112.56
V(A% {773.0 1774.0 1783.5
z 2 2 2

* Ref. [279.377,395.396]; ® ref. [386].

The donor molecules (with 3.5 A between them) form
face-to-face orthogonal dimers and these dimers pack
with dihedral angles close to 90° with their immediate
neighbors to form the donor layer (Figure 3.9). The
S--- S contacts are not within but between dimers. The
donor layer, one per unit cell, Figure 3.8, alternates
with a flat [Cu,(CN);];~ anion layer, of edge-sharing
18-atom hexagonal rings (six Cu atoms and six CN
groups) (Figure 3.8). One’ethylene group of the donor
is ordered and the other is disordered. The crystal-
lographic data of this and similar salts of k-phase are
listed in Table 3.12. For similar x-phases see

Figure 3.8,

[78,143,166,173,174,206,261,279,326,342,346,352,
360-362,368,376,389,395,402,405].

3.4.2.6 t-(EDO-S,S-DMEDT-TTF),-
(AuBrz)(AuBr)o 75

The structure of this phase (Figure 3.10 and 3.11),
where EDO-S,S-DMEDT-TTF is the unsymmetrical
donor molecule (12¢-8,5-7f), with a chiral structure,

S

is distinctly different from all other phases
[261,300,407]. The donor layer ccntains no stacks.
Every donor molecule is perpendicular to its closest
neighbors (Figure 3.11) and it has S---S closed
contacts with them. This pattern of orthogonal mono-

 mers is similar to the ‘honeycomb’ pattern of the f-

phase (Figure 3.7), where a ‘honeycomb’ of hexagons,
is present, while in 7-phase a ‘honeycomb’ of octagons
and tetragons is observed. The other distinctive feature
of this phase is that some of the anions (those that are
crystallographically well behaved and well defined)

Stereoview of crystal structure of k-(ET),Cu,y(CN); at room temperature.
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Figure 3.9. Arrangement of donor molecules in x-(ET)ECuz(CN)3 at room temperature.

occupy positions within the donor layer, in the middle
of the octagons (Figure 3.11), while the remaining
anions, which are not well defined crystallographi-
cally, form the anion layer which alternates with the
donor/anion layer. There are four donor/anion layers
per unit cell. In this structure, the ethylene-dioxo group
is disordered, while the dimethyl-ethylene group is
ordered.

In a similar structure, 7-(P-S.S-DMEDT-TTF);-
(AuBr;),(AuBr;)e 75, where P-5.5-DMEDT-TTF is
(13a’-5,5-7f) (a molecule also with a chiral structure),
the dimethyl-ethylene group is disordered [383). The

N S S S
N { | (132-8.5-76)
@IS SIS/\

crystallographic data of some salts of the t-phase
are listed in Table 3.13; for cther t-phases see
[261,309,341,391,407,443].

3.4.3 Other typical structures

A number of RCSs (or CTCs) have structures that
belong to different phases than those described in
the previous paragraphs. They are characterized as
y- [359a)], 5- [359b], & [359d], (- [359¢] etc. [22]
phases. Some others have a columnar-like
[164,237,239,246,260,262,272,280,287,298,385,387,
388b], or a lamellar-like [117,146,162,164,165,
169,175,202,249,279,343-345,348,351,353,356,358,
359£,367,379,381,387,389,392,400], etc. and [76,79,
107,132-142,172-175,177,179,184,197,204,205,223,
237,262,263,272,276.279,280,285b,324,339a,343,357,

Table 3.12. Crystallographic data of some x-phases at RT

(7c-7¢),Cuy(CN) (Te-116),Cun(CN)®  (9¢-9¢),FeClyS  (Tb-1a"),Aul,?  (7¢-7¢),Cu(SCN),CI°  (TeTe)sl5¢
Space group P2y/c P2y:c Pnma Pbnm P2, P2\/c
a(A) 16.542 16.4 11.483 10.797 16.256 16.387
b (A) 8.549 8.6 35.720 7.789 8.456 8.466
c (A) 13.253 13.5 8.383 28.991 13.143 12.832
2 (deg) 90 90 90 90 90 90
B (deg) 64.51 68 90 90 110.28 108.56
¥ (de;) 90 90 90 90 90 90
V(A%) 1691.9 1765.39 3438 2438.1 1694.8 1687.6
z 2 2 4 4 2 2

* Ref. [373] and refs. therein: ° ref [206]; € ref. [395); ¢ ref. [448); © ref. [22].
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Figure 3.10. Stereoview of crystal structure of 1-(EDO-§,S-DMEDT-TTF),(AuBr;)}{(AuBr;), 75 at room temperature.

359, 363-366, 372, 374, 378, 380, 384, 385, 389¢, 393,
397,398,400-404] structure. (ET)4Cu(C,0,), has been
characterized as an q-3D system [349,371]; for similar
structures see [336,337,344], where there are intra-
stacking 1interactions as well as side-by-side inter-
actions.

3.4.4 Counter anion structures

The counter anion in the RCSs based on tetrachalco-
genafulvalenes interact only weakly with the donor-
molecule cations [463] and play a secondary role in the
physical properties of salts (see below). They are
isolated molecules, e.g., I, Aul;, Au(CN); [237,261],
CoW 5,040 [389] and Cgo [397], infinite chains, e.g.,
(PbBr3)r~ [398], [Cu,l2]7~ [392] or infinite sheets, e.g.,
[Cuy(CN)]55~ [373] and (NH4Hg(SCN),),~ [460,461].
Sometimes anions (e.g. I3, AuBr;) form a 3D network
[261,300,326].

3.4.5 Structures based on metal
1,2-dichalcogenolenes

They form similar crystal structures, which can be
classified following the same pattern. For example, the
compound Ni(dddt),(HS0O,), (see Table 3.6) has a
columnar-like structure [431,420], while some other

salts have lamellar  structures, ie., 2-(9d-
9d)[Ni(dmit),], [436],  a-(Me,Et;N)[Ni(dmit),],
[433,435]), a-(7c-1a’)-[Ni(dmit),], [422], x-(7c-

1a")[Pd(dmit),], [411], B-(9d-9d)[Ni(dmit),], [436],
B-(MesN)[Pd(dsit),].  [425],  (MesN)[Pd(dmit),],
[414,431], B-Me,A[Pd(dmise),]; (A =N, P, As, Sb)
[431], B-[M(dddt);].X [426], B-Me,;N[Au(dmit),],
[419] and x-(MeyP)[Ni(dsit),] [41!]. Besides, the
following salts [Pt(dddt),]FeCl, [429],
Me,Et;N[Pd(dmit),], [418], Cs[Pd(dmit),],
[415,416], (EDTTTF),[Pd(dmit),], [431b] exhibit a
lamellar-like structure. The structure of (Me;NH)[-
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Figure 3.11. Molecuclar arrangement of donor molecules of t-(EDO-S,5-DMEDT-TTF)(AuBr;)}(AuBr;)g s at room

temperature.

Ni(dmise),]; has 3D character [433,335]. For
some other structures see [294,313-315,317,410,
413,417,420,421,423,424,432b.437].

3.4.6 Structural disorder

Besides their .inherent thermal agitation atoms and
molecules exhibit natural or induced disorders which
are called intrinsic and extrinsic, respectively. Different
cases of :ntrinsic disorders are known: orientational or
even conformational disorders of cations or anions,
compositional disorder as in solid state solutions and

Table 3.13. Crystallographic data of some t-phases at RT

positional disorder as in polymer-like chains or sheets.
The main origins of extrinsic disorder occur either
during the preparation and crystallization process,
where impurities and defects are introduced, or under
irradiation with for example UV light. The induced
disorders are associated with some chemical changes.

3.4.7 Temperature and pressure
dependences

In a number of RISs or CTCs, on going from room
temperature to lower temperatures sorne changes in the

( ‘2C-S,S~7ﬂ2(AUB!’:)1(AUBI})Q 75a (l 3a’-S‘S'~7t)2(AuBr3)|(AuBrz)oyf'b (7C'7g)z(13)(13)},‘:'d (7C'] 2C)2(Aulz)g(Aulz)’vc

Space group 14,22 14,22 Pd2¢ Pd2c

a (A) 7.4048 7.3546 7.563 7.4854
b (A) 7.4046 7.3546 7.563 7.4854
c(A) 67.995 67.978 34.032 34.0318
a (deg) 90 90 90 90

B (deg) 90 90 90 90

¥ (de;) 90 90 90 90
V(A 3728.2 3676.9 1946.6 1906.84
4 8 8 4 4

* Refs. [261,300,307]; ® refs. [383,391]; © ref.[326]; ¢ ref. [341a]; © ref. [341].
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crystal structures take place which affect the physical
properties of these compounds (see Sections 3 and 5).
For some recent work see [435,449-451]. In the case of
a-(BETS),[5, where BETS is (9¢c-9c), for example,
changes in the crystallographic data and minor changes
in the crystal packing take place on going from
room temperature to 13 K [451]. Some changes of the
crystal structure have been observed in -
(ET),Au(CN), [450], (ET);Cl;2H,0 [449], B-(ET):l5
[446], k-(ET),l; [451b] and x-(Me;Et,N)[Ni(dmit),],
[435]. Some of them are due to the disorder—order
transition of counterions and in edge groups of donor
molecule at low temperatures [22,446]. k-(ET),l5 is
monoclinic of space group P2,/c at room temperature
and becomes monoclinic of space group P2; below
150 K, because the conformation of the ethylene group
is changed at T <170 K [451b]. x-(Me,Et;N)[Ni-
(dmit);], is monoclinic with space group C2/c at
room temperature and becomes monoclinic with space
group P2 /c at 11 K, because the cation Me,Et;N is
disordered at room temperature and it becomes ordered
at 11 K [435]. Similar results have been observed
under high pressure [446,450,452].

4 SOLID STATE PHYSICAL
PROPERTIES

4.1 Theoretical background

The physical properties of the molecular CT salts and
more specifically of the RISs are mainly determined by
two basic sets of criteria. These are the conditions
needed to observe a metallic state at around room
temperature and the existence of different instabilities
giving rise at lower temperatures to various possible
ground states.

4.1.1 Conducting character in narrow
electronic bands :

The thecretical models are based upon two comple-
mentary approaches described in the following and
resumed quantitatively in Section 4.1.1.1 (see [333a],
refs. cited therein, and [453]).

4.1.1.1 Electron correlations and Hubbard
models

A quantitative approach is to define the Coulomb
interactions, not only the on-site interaction but also
several near-neighbor interactions, which cannot be

negligible, compared with the bandwidth. A valuable
approximation is to consider the two first terms: The
extended Hubbard Hamiltonian is, in second quantiza-
tion notation (site representation):

H=52"p,a IZ( p+lo ﬁa+Cp+,eGC«~l.a)
p.a

~s—U2nmnpL + V3 nn,+ (H._,) (3.5)
p 2

where CJ, and C,, are the creation and annihilation
operators, respectively, of an electron of spin ¢ on the
site p, n, is the occupation operator, ¢ and ¢ are the one-
electron site energy and transfer integral, respectively,
as defined in the tight-binding model and U, ¥ are the
on-site and next-neighbor Coulomb interactions.

H._p is the Hamiltonian term just to remind us that it
1s necessary to take account of the interactions between
electrons and phonons, intramolecular vibrations, and
lattice phonons for explaining some physical properties.
The two first terms of H are represertative of a model

for non-interacting electrons and considered as a

topological approach. The next two terms are essen-
tially molecular characteristics, which include the
charge distributions on a monomer and a dimer.
Nevertheless, the basic issue is the order of magnitude
and the sign of U and V in these charge-transfer salts.
The first estimates give U> V>0 with U>1 eV,
which is comparable to, or larger than, the bandwidth
4.

Starting from this point, two main approaches have
been developed:

(i) The weak-coupling limit, where U, V are
considered as perturbations of the one-electron
model (U, ¥ < |t]). A vast l.iterature has been
developed (‘g-ology’ models) that predicts
different electronic instabilitics and associated
ground states.

(i1) The strong-coupling limit (U, ¥'> |t]), where
the strong electron—electron interactions lead to
a charge localization on molecular sites or
between them.

The easiest case to investigate is the zero-bandwidth
or atomic limit; here, the standard Hubbard Hamilto-
nian (with ¥'=0) is equivalent to a Heisenberg spin
Hamiltonian:

Hsp =J ZSiSH-l

where

= [2(:*/Up[1 —sin 2mp)/2mp]  (3.6)
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J is the exchange integral responsible for an AF
coupling (/>0 in the present case). For an extended
Hubbzrd model, it is necessary to use an effective U.g
(instead of a bare U) which depends upon the band
filling.

One drastic consequence of this model is the
decoupling of charge and spin excitations, with the
appearance of an energy gap along the energy axis.
There is a split of the initial electronic band into two
(Uepeer), or more (V...) sub-bands, which are
separated by a Hubbard gap. The value of this gap
has been calculated for a 1D extended Hubbard model.

(1) Non interacting electrons. The tight-binding method
is normally developed in association with the extended
Hiicke! theory for these molecular solids [334] to
determine their electronic structure through a calcula-
tion method to evaluate the transfer integral (¢), which is
a measure of interactions. Usually the dispersion

energy E(k) (where & is the associated wave vector), -

the Fermi surface and the density of states N(E) are
calculated for comparisén with the experimental data.
Without going into detail. two specific characteristics
are relevant for these molecular solids: firstly, the effect
of electronic dimensionality, which is due to the
presence of overlapping of n-type orbitals in a
privileged direction (1D svstems) or in a given plane
(2D systems). This electronic dimensionality is fully
characterized by the analyvsis of the corresponding
Fermi surfaces. Secondly. rather small overlap be-

(a) (o)

£ E(K -

R N A e~ A=

| U
|
Y r X M Y y r X M Y
Y Y
FS M FS M
r, X T X

KK E{k)

tween neighboring orbitals, which results in narrow
electronic bandwidths compared with those for the
usual atomic metals. Currently the estimated band-
width is: W=2zt < | eV (where z is the number of
nearest neighbors, depending on the structural arrange-
ment).

Some examples of ID, q-1D and 2D electronic
structures and Fermi surfaces are shown in Figure 3.12.
This approach takes into account only the topology of
electronic interactions. Examples of real systems, such
as Bechgaard salts and S-ET phases have structures
and Fermi surfaces close to those given in Figures
3.12(b) and 3.12(c), respectively (see [22,24,454)).
Starting from this one-electron band description we see
that in the presence of a single valency system, t.e.
with p = I, we should have a conducting state.

(i1) Interacting electrons and correlated models. It turns
out that a standard band mode! for non-interacting
electrons in crystalline solids cannot explain several
important phenomena such as the metal-insulator
transition, and the occurrence at low temperatures of
a superconducting state or a magnetic ordering [455].

The introduction of electrons, which interact both
with one another and with the lattice vibrations, has
been a great advance in the understanding of the
physical properties in these materials:

(a) The interactions between electrons, inducing a
metal-insulator transition known as Mott—

() (a9

\
Y r x ™M Y Y r x ™M Y

Y
FS M FsS M

AN
A4

X

Figure 3.12. Some examples of ideal band structures and corresponding Fermi surfaces (FSs) (a and b are the unit cell
parameters; /, and #, are the mansfer integrals along the a and b axis respectively): (a) half-filled 1D band (¢, < 0; t, = 0); (b) half-
filled quasi-1D band (#, < 1,): (<) less than half-filled ZI;') band (1, = #); (d) more than half-filled 2D band {t, = t,). I', X, Y and M
refer to (0,0), (a*/2,0), (0.b* 2) positions and (a*/2,b /2), respectively, in the Brillouin zone.
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Fubbard type in the absence of any structural
disorder. .

(b) The interactions with both lattice phonons and
intramolecular vibrational modes, as revealed
by the studies on optical properties (IR and
Raman spectroscopy).

Both interactions are significant but usually the
electronic correlations are predominant and will mainly
be considered. As introduced by [Hubbard] [456] the
influence of Coulombic interactions (U) between
electrons on the same molecule is crucial. Indeed, it
has been shown that the electronic structure is changed
by introducing U: the initial band is split into two
bands, the lower and upper bands, with the opening of a
gap when U/W=1. This result has been established
within the mean field approximation and does not
appear to be strongly dimensionality dependent except
for an idzal 1D situation. It appears therefore that for
U> W (large U approximation) with a single formal
valency state, i.e. with p = . we observe an insulating
state.

In order to get a partially filled band, and therefore a
conducting state in the absence of any other effect, it is
necessary to be in the presence of a mixed valence state
with p as a non-integer value (of Robin-Day
classification [333]). To complete this overall picture
the existence of long-range electronic correlations
have also to be considered, when the involved energies
are larger than the electronic bandwidth. It has been
shown that, at least for 1D electronic systems, it is
necessary to deal with the Coulombic correlations
between first neighbor sites (J"< U). These are the so-
called extended Hubbard models [456].

Resuming this point two main approaches have been
developed: so-called small and big U approximation as
explained in the earlier.

4.1.2 Instabilities and different ground
states in low-dimensional systems

It is noteworthy to indicate. that. as demonstrated by
different theoretical approaches, a pure one-dimen-
sional (1D) electron system differs from a 3D one in
several fundamental ways. Let us recall the following
important points [457]:

(i) The ID system is always unstable against the
basic interactions: electron—electron and/or
electron—phonon interactions may lead to a
variety of broken symmetry ground states.

(it) There exists no long-range order in an ideal 1D
system, with only short-range interactions, at
any non-zero temperature.

(in1) Any arbitrary small amount of disorder leads to
a localization of all the electronic states.

Several works have shown the real effect of a reduced
electronic dimensionality in these molecular com-
pounds, especially for the q-1D Bechgaard salts [458]
but existing also under a weaker form in q-2D systems.
In these gq-1D systems, an interchain coupling exists
which controls the nature of the phase transition [459].
The ‘g-ology’ model predicts the occurrence of several
types of order [460]:

(1) the charge density wave (CDW) state associated
with a periodic lattice distortion which opens a
gap at the Fermi level, as imtially proposed by
Peierls in 1955 (see [461]).

(i) the spin density wave (SDW) which corre-
sponds to a spin modulaticn state and an
antiferromagnetic (AF) order.

(1) the singlet pairing superconducting state or
even the triplet pairing superconducting state
[24].

A Peierls distortion may be delected from the
corresponding structural distortion in two limiting
cases: For a free electron gas (¢>» U), a charge
excitation (CDW) with a characteristic wave vector at
2ke will condense at the phase transition (‘electronic’
Peierls distortion). For a highly correlated gas, where
the Coulomb interactions are strong (U>>1¢), a spin
charge separation is occurring. A spin excitation (SDW)
will be present at 2kg, accompanied by a 44¢ charge
excitation which gives rise to a similar phase transition:
the ‘magnetic’ Peierls distortion. For both cases, an
insulating non-magnetic state is observed at tempera-
tures below the phase transition (7).

The other instabilities cannot be evidenced by a
structural investigation but in fact by a change of the
electronic or the magnetic properties as known from
different expernimental situations of Bechgaard salts
[333] (see Figure 3.13 for a significant example).

4.2 Electronic band structure calculation

Over the years, electronic band structure calculations
have been made on a number of salts based on
tetrachalcogenafulvalenes and metal 1,2-dichalcogeno-
lenes, mainly by applying the extendzd Hiickel tight-
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binding theory [334] under the conditions outlined
in the previous subsection (see [430,446,462-466]).
For band structure and Fermi surface calculations
the experimental data of crystal structure solutions
have been wused. For some examples, see
[290,300,326,384,388,391,395,431,435,438,441,446,
447,449-452,462-472] and references cited therein. In
the case where there is a disorder in the active part of
the system (e.g. disorder in the heteroatom) the
calculation is difficult or impossible. Very few attempts
have been made outside the domain of the extended
Hiickel method (see [453,454,465,466]). Results con-
cerning ideal systems are shown in Figure 3.12.
Electronic band structures and Fermi surfaces can be
determined with parameters obtained for example from
optical reflectance spectra generally at any temperature
(see [300,394,438,447]) and more accurately from the
Shubnikcv—de Haas or de Haas-van Alphen experi-
ments at very low temperatures (see [24,467]). In the
next paragraphs, the calculated electronic band struc-
tures anc Fermi surfaces of some selected salts are
described.

*

4.2.1 Band structures of columnar
compounds

It has been demonstrated some years ago that the
(TMTSF),X salts have a columnar structure. From the
band structure calculations, it has been found that the
intrastack transfer integrals of these salts are larger than

T(K)
100

METAL

NON-MAGNETIC
INSULATOR

2b/ 0 7%

P/ kbar METAL
Figure 3.13. Phase diagram (7.Px) for different
ground states found experimentally in  [(TMTTF)x

(TMTSF), _.15(C10s) alloys [333].

the interstack ones. They give an open orbit Fermi
surface with a q-1D character, similar to that of Figure
3.12(b) (see [464] and refs. therein). However, recently
some new materials with columnar structure have been
prepared, as descnibed in Section 3.4, and the band
structures calculated. Figure 3.14 shows the schematic
projections of the structure along the long donor
molecular axis, the charge-transfer integrals, the
electronic band structure and the Fermi surface of
(EDTTTF);AuBr,, where EDTTTF is the donor (7¢-
1a’) [440]. One can see that the (large intrastack and
small interstack) transfer integrals and Fermi surface
are close to those of (TMTSF),X (see [464.24]).
Calculations on (DMET-TSeT).X compounds showed
that they belong to q-1D systems with a pair of open
and warped Fermi surfaces [153,164]. Calculations on
(TMET-STF),ClO, showed a g-1D behavior for column
A and 2D behavior for column B [178].

4.2.2 Band structures of lamellar
compounds

The electronic band structures of «-, 8-, k-, t- etc.
phases have quite different features, but they have
more or less closed Fermi surfaces. Some examples of
calculated electronic band structures from room-
temperature crystallographic data are presented below.

4.2.2.1 a-(ET),NHHg(SCN)4 and other
a-phases

Figure 3.15(1) shows the electronic band structure and
Fermi surface of 2-(ET),NH4Hg(SCN), [468,469]. The
Fermi surface consists of two parts: a pair of open
orbits (1D) and a single (2D) closed orbit, called x-
orbit (see also Figures 3.12b and 3.12d for compar-
ison). At room temperature all compounds of this
series, 2-(ET);MHg(SCN); (M =K, Rb, TI, NH,)
have the same structure (see [443.468,469]). For
the structures of some other 2x-phases see
[393,394,435,446,451a,462].

4.2.2.2 B-(ET)>I; and other B-phases

Figure 3.15(1I) shows the electronic band structure and
Fermi surface of f-(ET),l; [441]. The Fermi surface is
characterized by a cylinder with closed orbits. The
shape of the cylinder changes on going from one salt to
another of the f-phases (see [25,440]) at room
temperature. For the structures of some other f-phases
see [263,290,353,441,446,384). The salt (7¢-Th-
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Figure 3.14. Transfer integrals (in meV; shown in schematic projections of the structure along the long molecular axis),
electronic sand structure and Fermi surface of (EDTTTF);AuBr; [440] at room temperature.

7c),Au(CN), has a pf-phase arrangement of donor
molecules, but the Fermi surface is basically ID

[388a].

4.2.2.3 0-(ET);I; and other 0-phases

The salt 9-(ET),I; has higher symmetry than the z-
phase so as to afford a considerably simpler band
structure with a large 2D (free-electron-like) Fermi
surface [447,470]. For some other structures of §-phase
see [172,202a,390].

4224 J-(BETS),GaCl,

The calculations for this salt yield a 2D closed Fermi
surface and a corrugated extended Fermi surface

[386,395]

4.2.2.5 k-(MDTTTF),Aul, and other
K-phases

Figure 3.15(1IT) shows the electronic band structure and
Fermi surfaces of k-(MDTTTF),Aul; [441,463]. Simi-
lar Fermi surfaces have been obtained for some other
k-phases, which differ slightly from compound to
compound mainly in the gap of the orbits at the points
of the Brillouin zone labeled by G in Figure 3.15(I1Ib).
k-(MDTTTF),Aul; [471]}, x-(ET),I3 [451b] and K-
(ET)Cu(CN); [373] have no gap, but x-
(ET),Cu(SCN), [452,463,470,471] has a finite gap
Fermi surface at room temperature. This means
that the Fermi surface in »-(ET);Cu(SCN);, consists
of a closed orbit (%) and a pair of open orbits. for the
band  structures of other x-phases see
[173,174,595,441,446,463).
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Figure 3.15. Electronic band structures (a) and Fermi sur-
faces (b) of x-(ET);NHsHg(SCN)s (I), B-(ET),I; (ID),
k-(MDTTTF);Aul, (III} and 7-(EDO-§,5-DMEDT-TTF),-
(AuBr;),(AuBr:)g 75 at room temperature,
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4.2.26 1-(EDO-S.S-DMEDT-TTF),-
(AuBry) (AuBr;)g ;5 and other t-phases

Figure 3.15(1V) shows the electronic band structure and
Fermi  surface of 1-(EDO-S5-DMEDT-TTF),-
(AuBr;),(AuBr;)g 75 [407]. The Fermi surface is star-
like shaped inside the Brillouin zone. For a hypothe-
tical three-quarters filled band the Fermi surfaces touch
the Biillouin zone, 1.e. the structure is similar to that of
Figure 3.12(d). Similar structures were found for other
t-phases of Table 3.13 [326,391].

4.2.3 Band structures of other phases

Some other phases characterized as ID
[164,237,272,280,353,385.388]), 2D [175,202,344,
348,358,378,393] etc. [175,202,272,379,385,389] have
been described recently. (ET),Cu(C,04), has a q-3D
Fermi surface [349,371]. For similar structures based on
metal 1,2-dichalcogenolenes see [480] and ref. cited in
Section 3.4.1.5.

4.2.4 Temperature and pressure
dependences

In a number of salts, the electronic band structure
deperds on the temperature [435,449,451,462] and/or
the pressure [450,452]. The knowledge of the band
structure and orbits in the Fermi surfaces at low
temperature and/or at high pressure are required in
some salts, because a lot of phenomena (e.g., magnetic,
superconducting phases) are observed under these
special conditions (see [435,447,451b,467471]). A
characteristic example is the changes in band structure,
the Fermi surface and the corresponding (a-, B-, 3-
orbits of x-(ET),l; at low temperature: there are no
gaps at room temperature at G-points, but there are
finite gaps at temperatures lower than 150 K [471b].
At low temperature the structure of k-(ET),I3 is similar
to that of the room-temperature structure of x-
(ET);Cu(SCN), [452,463]. In the case of a-phase salts
the Fermi surface is highly sensitive to slight changes
of the crystal structure, for example by decreasing the
temperature [462]). From the data of the crystal
structure of k-(ET);Cu(SCN), under high -pressure,
the calculated band structure showed that the 2D
character of this material should be enhanced by
pressure [452].

4.3 Experimental investigations and
comparison with the theory

4.3.1 Structural organization and
transport properties

The initial requirement for obtaining an organic
conductor has been the occurrence of segregated stacks
of either donor or acceptor molecules or both in a
direction privileged by the overlap of n molecular
orbitals. This was realized in the early 1960s (see
Figure 3.2). The ground state of a charge-transfer
complex can be either neutral or ionic. In the first case
mixed DA stacks are observed with a possible neutral-
to-ionic phase transition induced by temperature or
pressure which gives rise to very spectacular changes
of the physical properties {322,332]. In the second case
two different situations occur for p = 1 or p < 1. The
most interesting one is a regular segregated stack with
mixed valency as the archetypical organic metal TTF-
TCNQ which exhibits the ‘hLerringbone’ double
stacking of segregated donor anc acceptor molecules
[335]. In such a situation a privileged direction is
always present which gives rise to more or less
well-defined anisotropic electronic and magnetic
properties.

For summarizing the electrical conduction associated
with the different (1D and 2D) crystal structures, the
temperature dependances of d.c. resistivity along the
privileged axis or sheet is presentzd in Figure 3.16 for
different seres of matenals using semilogarithmic
coordinates. A classification on the basis of both
the absolute and the room temgperature dependences
of the d.c. electrical conductivity has been proposed
[23):

(A) simple radical-ion salts with low conductivity
and semiconducting ehavior (1) = g;
exp (—FE/kT) with the activation energy
0.1 <E,<0.4¢eV. A complete charge trans-
fer (p = 1)1s evidenced from X-ray structural
data and from infrared spectroscopy results;
these compounds are Mott—Hubbard insula-
tors as already defined; a few examples are:
KTCNQ and some 1:1 salts based on
tetrachalcogenafulvalenes [336].

(B) Complex radical-ion salts with non-regular
stacks (most often mixed-valence dimers or
tetramers). The conductivity is higher than for
the salts of group A and the activation energy
ranges between 0.4 and 0.7 eV; examples:
Csa(TCNQ)3, b ~(7c-11chAuBr; [341].
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Figure 3.15. Temperature dependence of d.c. electrical
resistivity of several selected structures. (A-F) See text.

(C) Conducting compfex radical-ion salts with a
broad metal-semiconductor transition at
around 150-250 K and an insulating phase
at low temperatures; example: TTF-TCNQ.

(D,E) Highly conducting salts (TMTSF),;X, where X
is a small, symmetric inorganic anion. At
room temperature their conductivity has a
metallic behavior and a value in the range
10%-10* S cm™! with an electrical anisotropy
50-100. As the temperature goes down the
d.c. electrical conductivity increases by two or
three orders of magnitude with 2 maximum
lower than at 50 K. In the Bechgaard salts
with octahedral anions (PFg, AsFs, ...) the
metallic character is preserved down to 20 K
until a metal-superconductor transition occurs
in competition with a spin density wave
(SDW) formation [473].

(F) (ET).X and related salts, (2-, -, k-, T-phases)
which are g-2D or 2D organic conductors
exhibiting always a moderate conductivity at
room temperature with a small anisotropy
ratio and often a superconducting state at
around liquid “He temperature. Conductivity
data of some salts based on tetrachalcogen-
afulvalenes and belonging to several phases
are listed in Table 3.14.

One can see that most of the compounds with
columnar structure have a high ory value and some of
them are superconducting at very low temperatures.

The salts of the type «-(ET),NHg(SCN), (where
M = NH,, K, Rb, and TI1) have remarkably different
conductivity properties especially at low temperature
[22,443-445]. These are due to small vanation in
the anion composition. Compound (Tc-
11c);NH4Hg(SCN),; which is isostructural with (7c-
7¢),NH4Hg(SCN), i1s a semiconductor, perhaps be-
cause of the disorder of the Se atoms [443]. Super-
conductors with T, > 5 K (x-phases, A-phase) have
ort = 10~100 S/cm [20,22,474]. In some cases the
temperature dependence of resistivity is different from
those of Figures 3.16, 3.17, i.e., the curves show
maxima or minima in the sensitivity because of several
different effects such as structural changes, order—
disorder, and induced localization effects [475-480]
(see below). In some cases [261,386,444] the behavior
vanies from sample to sample.

Superconducting salts have been obtained only from
the following molecules: (1a’-7h-57a"), (1b’-1b’), (2b'-
2b"), (12¢-12c), (7b-13"), (2b'-7¢), (7c-7Tc), (9c-9¢), (Tc-
S,S,-7f), Ni(dmit), and Pd(dmit),. Also, some alloys of
(7c-7c) with (7b-7b), (7c-9c), (7c-1lc) give super-
conducting salts. Superconducting salts based on these
molecules show a negative pressure effect. This means
that the 7. of the corresponding superconductors
decreases and approaches 0 K under high pressure,
and the materials remain metallic. However, in contrast
to the effects of hydrostatic pressure, uniaxial stress
increases T, [445b].

Recently, in some cases, it has been found that the
electrical anisotropy is very large (10*) [45,300,391].
Figure 3.17 shows the resistivity temperature depen-
dence of t'(P'S,S'DMEDT'TTF)z(AU:BTZ)1(AUBI’2)0'75
[261,383,391] in-crystal-plane and out-of-plane. The
compound behaves as a 2D metal. Moreover, com-
pounds with stoichiometry 1: ~1 [206,326,341a] or
stoichiometry 1:1 [388b] were found to remain
metallic down to low temperatures.

To resume the experimental situation it is necessary
to point out that these longitudinal or planar electrical
conducting temperature dependences have to be
classified following the rule of [loffe and Riegel]
[333]. There is a borderline between real metals where
the electronic motion is wave-like and conductors
where the electronic motion is rather of hopping type.
The critical regime occurs when the mean free path of
charge carriers (/), is about the distance between
molecular sites (i.e., kg/=1, where ky is the Fermi
wave vector). For molecular metals this d.c. conductiv-
ity critical value is estimated to be 300-500 cm™' [41].

To observe a superconducting state at lower tem-
perature, the necessary condition is to obtain, in one or



CHALCOGEN COMPOUNDS AND THEIR CONDUCTING SALTS 199

Table 3.14. Conductivity data and the corresponding structural data of selected salts

Salt Structure/space group oat (S/cm) Transition (at) Ref.
(2b'-2%'),PF, columnar PI ~ 650 T.=09K 24.25a
(2b'-72),Au(CN); columnar P =650 T. = 0.8(5 kbar) 442 25a
(1b'-72),15 columnar Pl x 650 Tva=41 K 372,25a
(2b'-8:)14 columnar Pl =650 Tu.g=42K 164,25a
(2¢'-7¢),Cl0Oy columnar P 2 650 Tva=22K 178
(la’-7¢),AuBr, columnar C2/m =~ 300 Tm-1 = 15 K(13 kbar) 438,440
(1b’-19"),Br columnar C2/m 800 T. = 0.8 K(26 kbar) 464
{7c-Tc);NH4Hg(SCN), x-phase Pl 23 T.= 115K 444
(7c-11c)aNH Hg(SCN), 2-phase Pl 2 Tm1 €300 K 443
(7c-7¢),KHg(SCN), z-phase Pl 20-100 T.=02K 444 445
(9¢c-9c)l;5 z-phase Pl 165 Tua=70K 394
{Tc-7c)ls 2-phase P Tvm =135K 45,394
(7a’-7h-7a"),1; . 2-phase P1 0.03 388b
(7Tc-Tc)Aul,y B-phase Pl T.=5K 22,25
(7¢c-11c)Aul, B-phase Pl Tma €5K 261
{8c-Tb)al5 B-phase P1 55-63 Tm- > 300 K 206
(7¢c-7h-7¢),Au(CN), B-phase Pl 400 Tma <07 K 388a
{7c-7¢),CuCl, B-phase Pl 0.01 Tm-1 > 300 K 350
(Tc-7¢)al4 O-phase Ppnma 30 T.=36K 447
{7b-1a");Au(CN), O-phase Pn2n 160 Tam-i> 300 K 202,401
(8b-12"),Au(CN), O-phase Pn2n 12-41 Tui = 15K 202,401
{9¢c-9¢);HgBr, f-phase l41a 10 Tma<4 K 78,342
(7c-7¢),Cu(CN)[N(CN),]5 0-phase 1222 1.7-16 Tam-1 > 300 K 390
(9¢c-9¢);FeCly #-phase P1 20 Tmy=85K 395
(9¢-9¢),;GaCl, #-phase Pl 45 7.=95K 377
(Tc-Tc)hl; x-phase P2,/c 50 T.=36K 22
(7¢-7¢)Cuy{CN); k-phase P2,/c 20-40 I.=5K 373
(Te-11¢):Cuy(CN), x-phase P2,/c 30 Tma1<2K 206
(9¢-9¢)FeCly k-phase Pnma 100 Tma<2K 395
(1a’-7b),Aul, x-phase Pbnm 2040 T.=5K 439 448
(7c-7¢),Cu[N(CN),]C! x-phase Pnma 2 7.=128 K 22

(0.3 kbar)
(12¢-5.5-90),(AuBr2)(AuBr,)g 75 t-phase 14,22 160 Tma=6K 261,300
(132'-5,5-90),(AuBry}(AuBr;)g 75 t-phase 14,22 150 Tua=TK 383,391
(7c-78)2(13)(I3), t-phase P42c¢ 45 T <4 K 326,341a
(Te-12¢)(Auly)(Auly), t-phase Pd2c 4.6 x 107° s > 300 K 341
(la"7{)2[Pd(det)2]3 Pl 120 431b
a~(1a’-7c);[Pd(dmit),], Pi 58 Tma<05K 431b
2-(1a’-7c)[Pd{dmit),] Pl T.=13K 422
ﬁ'(MCQN)[Ni(dIﬂiSC)z]Z C2c 100 TM_.! =150 K 432
f-(MeyN)[Ni(dmit),), Cc T. = 5 K(7 kbar) 432
B-(MeN)[Pd(dmit),]. C2e T. = 6.5 K(6.2 kbar) 432
ml(dddt):h(“soq): Pl TM-[ =25K 431a

two space directions, a coherent regime, in the absence
of any disorder effect, at low temperature. If such a
condition is fulfilled the occurrence of a superconduct-
ing (i.e., zero resistivity) state is forecasted. One
complementary point necessary to mention is the
possible contributions of collective transport mechan-
isms giving experimental evidence for the onset of
density wave states (CDW or SDW state) [457]. These
non-linear metallic properties (Frohlich mechanism)
and the associated Peierls-type phase transitions are
considered out of the scope of this review.

4.3.2 Optical properties and basic
interactions

As already pointed out, the band of an intermolecular
CT occurs at lower energy than any other. This is clearly
the signature of the existence of a CT compound which
appears in the visible or the near infrared range [8]. A
classical example is the optical absorption spectra of
several TCNQ salts [322,331]. Also, a number of salts
based on tetrachalcogenafulvalenes show similar beha-
vior. The spectra are illustrated in Figure 3.18. The
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Figure 3.17. Resistivity temperature dependence of a t-(P-
S.5-DMEDT-TTF0,(AuBr;)(AuBra)e s single crystal, in-
plane (a) and out-of-plane (b).

high-frequency bands are due to intramolecular electro-
nic excitations in all compounds but different assign-
ments are given for the low-frequency ones. For either
the neutral salt, such as (ET)Cso and (EDTTF)Cgo
[268d], for which p = 0:

. A%DOADY . S aopraA-DO.

or an ionic salt, such as (MT)X, (ET)ReOy4 [22] and
(EDTTTF)I; [336] for which p = I:
...D*D*D*D*D*... =5 . D*D'D**D*D* ...
a CT band is observed, labeled a ‘B-band’ in Torrance’s
classification [322]. In the case of a mixed-valence
compound, such as (TMTTF),X (see [333,481]) and
(ET);X [373,481] for which p = 1/2:
...D*D’D*DD* ... 2% . D*DPD'CTD* ...

a new absorption band, called ‘A-band’ is detected at a
still lower frequency than the previous one (at 4000-
3500 cm™Y). It is easy to show that for a completely
ionic system (p = 1) this elementary excitation is
associated with the creation of a doubly occupied site,
whereas for a partially ionic one (p = 1/2) we have to
take account of the electrostatic interaction between
two closed neighboring molecules. In a zero order
approximation, which neglects completely the electron
transfer interaction, the energies needed to realize the
charge transfer, correspond to the short range Coulomb

correlation value for the on-site (e.g., D™™) repulsion
energy (U) and the energy between two consecutive
sites (e.g., DYD*) (V) [268,322,323]. These para-
meters (U and V) are those introduced in the extended
Hubbard model [456] (see earlier).

In parallel with these electronic correlations elec-
tron-phonon interactions are also very important in
these compounds. In molecular solids the electrons are
coupled both to the intermolecular lattice phonons and
to the intramolecular vibrational modes [481]. The
conventional electron-lattice phonon interaction arises
from modulation of the transfer integral ¢ by the
acoustic phonons. In general, for estimating the
coupling strength, the value of the transfer integral is
expanded in perturbation series. Usually, the first order
electron—phonon coupling term is considered as the
leading contribution to the electrical resistivity and also
as the ongin of the Peterls instability through
dimensionless electron—phonon coupling constants
[473].
" Information about these lattice modes and their
coupling to electrons are gathered at very low
frequencies, below 200 cm™ !, by either resonance
Raman scattering [482] or from far infrared reflectivity
experiments [483]. The second coupling onginates
from the modulation of the on-site energy which is
mainly due to the electronic coupling of the intramo-
lecular vibrational modes. This is a large effect which is
experimentally observed as a readjustment of atomic
bond lengths to the mean electronic charge (polaronic
effect). The linear electron—molecular vibration (EMV)
coupling is associated with the intermal degree of
freedom of the molecule for a non-degenerate electro-
nic state. As it was demonstrated in [484] an
intermolecular charge transfer polarized along a stack

Absorbance (a.u.»
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Figure 3.18. lllustration of electronic absorption spectra of
neutral {p = 0), ionic (p = 1) and mixed valency (p = 1/2)
compounds. (A,B) See text.
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of dimers or any multimers induces (via linear EMV
coupling) vibrations which are normally infrared
inactive because they are intrinsically a; modes. These
vibronic modes are activated only if the translational
lattice symmetry is broken initially or following a
structural phase transition. EMV coupling manifests
itself both in absorption and reflectance spectra.
Absorption is usually measured when it is not possible
to grow large crystals of good quality. In this case,
polycrystalline salt (i.e., randomly oriented crystallites)
is dispersed in an appropnate matrix which should be
transparent in the frequency range under investigation.
KBr pellet or Nujol technique as well as thin deposits
on CaF,-, quartz-, etc-plates [300,488] are most fre-
quently used. In Figure 3.19 typical infrared spectra
obtained [373] from a polycrystalline k-(ET),Cuy(CN);
salt dispersed in a KBr pellet is shown. They exhibit
both an intense CT band (of 3400 cm™") characteristic
of a mixed valence state and two vibronic multiplets at

around 1340 and 440 cm™' (vc_c central and v¢ s ¢

internal vibrations, respectively).

In these cases, where high quality and large single
crystals or a mosaic of oriented single crystals are
obtained, polanized optical reflectance measurements
can be performed. The polanzed spectra give more
information on the several kinds of excitation and
associated interactions (see [481-487]), as was also
pointed out in the spectra of KTCNQ (see [485]). and
the spectra of inorganic metal halide mixed-valence
systems (see [488]). Figure 3.20-I shows the polanzed
reflectance  spectra of a single crystal of
(BPTTTF),BF,, where BPTTF is (13a’-13a"), with
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Figure 3.19. Infrafed absorption spectra of w-(ET),.
Cuy(CN)3 recorded at room temperature (RT) and at
T=12K (note the scale change on the abscissa at
2000 cm"’). Inset: electronic absorption spectrum observed
at RT with x the mean absorption coefficient.

polarizations parallel and perpendicular to the stacking
(chain) axis. Kramers-Kronig analysis of the reflectance
spectra show that the compound is a semiconductor, in
agreement with the conductivity measurements [337].
The prominent dispersion at ca 0.72 eV for the
perpendicular polarization is a consequence of the
interchain  (S---N) interactions [336,337]. When
0 <p <1, a Drude-like behavior, especially at low
temperature, is observed, with an edge (plasma
frequency) which usually occurs in the near infrared
region (see for example [23,30(,438,487]). Figure
3.20-11 shows the room temperature polarized reflec-
tance spectrum of 1-(P-5,S-DMEDT-TTF),(Au-
Br,};(AuBr.)g 75, the Drude fit and the Drude-Lorentz
fit for polarization parallel to the ab-plane. From the
polarized spectra of metallic compounds the transfer
integrals (r) as well as some other parameters are
estimated and then the electronic band structure as
well as the Fermi surface can be determinated (see for
example [300,438]). Also, the polarized Raman spectra
on single crystals give information on several different
transitions (see [300,486,487]). These examples show
that the optical properties of the organic conductors are
clearly determined on the one hand by their restricted
electronic dimensionality and on the other by the
combined effect of electron—electron and electron—
phonon interactions.

4.3.3 Magnetic and magnetotransport
properties

4.3.3.1 Paramagnetic susceptibility in the
conducting state

Strong experimental evidence for the importance of the
electron—electron interactions is the enhanced Pauli-
type susceptibility.

The magnetic susceptibility measurements allow a
determination of the Hubbard U value. From the
magnetic data [489] has been estirated U/4t=1 in 2-
chain compounds such as TTF-TCNQ. This approach
has been generalized in [490). The authors of these
papers used an extended Hubbard Hamiltonian and they
showed that the magnetic susceptibility varies strongly
and systematically as a function of band filling. An
important result shows that the extended Hubbard data
cannot be mapped systematically onto the results of a
Hubbard model with an effective J value.

One valuable example is for a B-phase ET salt where
we have plotted also the fit with a Heisenberg model
for a 1D regular magnetic chain as initially developed
(see equation (3.6)). It appears that a localized
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Figure 3.20. 1. Room temperature polarized reflectance
spectra of (BPTTTF),BF, (a) with parallel (R || ) and (b) with
perpendicular (R L) polarizations. [I: Room temperature
polarized reflectance  spectrum of 7(P-§.S-DMEDT-
TTF)(AuBry),(AuBra)y 2« (a). Drude fit (b), and Drude-
Lorentz fir (¢) for parallel polarization.

description with an effective antiferromagnetic ex-
change iateraction can fit approximatively the expen-
mental data. It means that the strength of the intrasite
Coulomb interaction is larger than the bandwidth W.
This description is in agreement with the presence of
an AF ground state at Ty = 20 K.

Now, if we examine a rather 2D electronic system as
the wr-prase of (MDTTTF).-Aul> which exhibits a
superconducting transition at liquid *He temperature
(T. = 4.3 K) [439] we can use the same kind of
description. Surprisingly, the T dependence of the

paramagnetic susceptibility is better fitted by a 2D
quadratic layer Heisenberg AF model (for § = 1/2)
than by a straightforward Pauli paramagnetic [463].

It turns out that in this class of material we are in the
presence of a highly correlated electronic gas, and a
simple perturbative approach (weak U regime) does not
work. This result is confirmed by the analysis of the
density of states at the Fermi level which is, on the one
hand, calculated from the tight binding model and on
the other hand deduced from the experimental data
(magnetism and low temperature electronic specific-
heat expenments) (see Table 3.15).

Two facts are extracted from these comparisons:

(1) The density of states, extracted from specific-
heat experniments which depend only on the
electron—phonon interaction [491], agrees with
the calculated values. Note however that the
transfer integrals and associated M{(E¢) depend
on the calculation technique.

(i) The comparison of these values with those
extracted from the paramagnetic susceptibility
leads to an enhancement factor larger than 2 in
these molecular superconductors. This observa-
tion confirms the analysis of the paramagnetic
susceptibility T dependences.

In conclusion, these different facts evidence the
presence of strong electronic correlations in these
narrow band compounds which show an intermediate
dimensionality (1D-2D). This spin—charge separation
is confirmed by the analysis of other physical proper-
ties, in particular the IR-visible absorption spectra,
which are charactenistic of intermolecular charge-
transfer bands as well as determination of the plasma
frequency by reflectivity experiments on single crystals
as demonstrated by authors of ref. [492].

4.3.3.2
studies

Conduction electron spin resonance

As a complementary point to the spin susceptibility
measurements, the dynamic approach is also sensitive
to the electronic correlations but more significantly to
the electronic dimensionality. Thanks to selected
examples, we will show that the g-factor and the
linewidth characteristics are very powerful probes for
the phase identifications and the occurrence of phase
transitions as long as single crystals are investigated.
As it is described in [493], the spin—phonon
mechanism is ineffective for classical metals in an
ideal 1D limit. It has been shown that the spin-flip
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Table 3.15. Electronic band charactenistics in the normal state for archetypical organic

superconductors (see [491] and refs. therein)

N(Eg) states/eV {molecule (TMTSF),ClO, B-(ET), 15 x-(ET);Cu(SCN),
obtained from) (T.=12K) {(T.= 1.5 K) (7. =105 K)
(1) Theory

RT (from crystal structure) . 31.54 3.65

LT (T <10 K) 1.7 3.54

(2) Specific heat

LT linear term 20 50 52

(3) Paramagnetism

RT 4.8 7.0 7.5

LT 32 6.3

LT = low temperature.

scattering matrix element is approximately zero, further
reducing the linewidth but not influencing the electnical
resistivity and the associated relaxation time 7, .

This starting point indaces two effects:

(1) For an effective relaxation process in a pure 1D
system, a second mechanism becomes more
effective. This is the spin—spin dipolar interac-
tion which is characterized by a specific rotation
cdiagram (presence of a linewidth minimum at
the magic angle). The effect of dimensionality
on motional narrowing of this dipolar broad-
ening has been extensively investigated in low-
dimensional magnetic insulators, but this effect
is not observed here for these molecular
conductors [494].

(if) In order to take into account the spin—phonon
relaxation mechanism, itis necessary to introduce
apartial 2D character ofthe electronic states. This
point has been introduced by the authors of refs.
[495] and [496] who have proposed that the spin
flip is associated to the transverse hopping of a
charge carrier from one chain to another. It
furns out that at moderate temperatures (T < 8p)
in a coherent conductivity regime:

¢ 1.\
aH =% (—*)
Tep \fy

where 1| and ¢, are respectively the effective long-
itudinal and transverse integrals for a given stack; 0p is
the Debye temperature.

Furthzrmore, the g-value and linewidth anisotropies
are specific to these low-dimensional materials. As
demonstrated from experimental results and molecular

orbital calculations [497], it has been shown that the
pnncipal values of the g-tensor are molecular char-
actenistics. They are constant for a given senes of salts
because they are related to the presence of the hetero
atom (S or Se).

As pointed out in [493], under anisotropic conduc-
tors, T; # T> and an anisotropic linewidth is observed
so that the motional narrowing effect leads to a reduced
anisotropic factor (4Hnax/dHmin) < 2, as observed in
all these compounds.

For the two major classes of compound, t.e. g-1D
systems with almost planar Fermi surface (FS) and
anisotropic 2D systems with more or less closed FSs
(see Figure 3.20), the ESR charactenstics observed at
room temperature are given on Table 3.16.

Two main facts are relevant:

(1) The g-factor values are constant for a given
series of sulfur denvatives but they are
significantly different between the sulfur and
selentum compounds because of different spin—
orbit coupling energies.

(11) For an homogeneous series of heterocycles,
when the spin—orbit coupling is a constant, the
average linewidth increases with the electronic
dimensionality. Therefore, this quantity probes
the electronic effective dimensionality of these
conductors: for example the ~-phase com-
pounds are 2D anisotropic systems with a ratio
tp/ty =0.5[463].

For a better description, the temperature dependences
of these ESR characteristics are noteworthy. In Figure
3.21, two examples are given (a) for a Bechgaard-type
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Table 3.16. ESR room temperature characteristics and low T cooperative ground states in selected mixed-valence radical cations

salts (see [453,261,407] and refs. therein

Radical cation salts EPR characteristics
(at RT) Ground states and transition temperatures
g AH (Gauss) SC AF
(1) Quasi-1D Bechgaard salts and related
compounds:
(TMTSF),CIO, 2.018 220-270 T.=12K
(TMTFF),Br 2.007 5-8 (7. = 0.8 K under P) Tu=14K
(ET),ICl, 2.007 10-12 Tu=27K
(2) Anisotropic 2D x-phase ~2.006 55-80
(ET);NH Hg(SCN), T.= 115K
x-phase : ~2.006 60-90
{ET),CuN(CN),Br T.=11.6K
(ET),CuN(CN):Cl (T. = 12.5 K under P) Ty =45K (and 22 K)
t-phases > 300

salt and (b) for a x-phase compound presented on
Table 3.16. In both cases, we observe two regimes: a
monotonous variation at high temperatures and
precursor effects of the phase transitions at low
temperatures.

For the (TMTTF),Br compound [498], we observe a
decrease of the linewidth which can be associated with
the metallic behavior at low T in qualitative agreement
with the Elliot mechanism. Concerning the (ET),.
Cu(SCN), compound, we observe a linewidth broad-
ening down to 60 K [499]. This behavior is the
opposite of the classical behavior (see also [463])
observed for usual metals. This point shows that there
is no general rule to explain the relaxation times in
these series of radical cation salts as in other molecular
conductors [500]. A general theory, including the
influence of electron—electron correlations, as already
indicated [501], is needed to explain these dynamic
effects.

Recently a series of conducting radical cation salts
with polyoxometalates has been investigated [389g].
Their general chemical formulae is (BEDT)‘SS"')
(MW,3040)" "%, with either paramagnetic M"™ =
Co*, Cu’*, Fe' ™. or diamagnetic M"* = Bi’ ¥,
Zn*t, Si*t, (2H™*); they are crystallized into two
allotropic, monoclinic, x-type phases exhibiting a
sandwich-type structure. There are two fundamental
interests in this series of RISs. The first one is the
ability to modulate the electronic charge distributed
between the two entities, which can be equal to 4, 5 or
6 electrons. It turns out that with these big Keggin

polyanions, as just before for the metallocyanates, the
stability of mixed-valence systems forming organic
layers is preserved regardless of their shape, size and
charge. It is therefore potentially possible to get 3D
electronic systems, with = orbital overlap in all
directions, based on these bulky polyoxometallates.

The second interest has to do with the presence of
magnetic transition metals and the magnetic coupling
between the n mobile electrons and the localized
magnetic ions. It has been demonstrated by EPR
experiments that only a weak apparent interaction
exists for the Co® * compound [389h,i].

4.3.3.3 Hall effect and magnetoresistance

The Hall coefficient at room and lower temperatures
has been measured in a number of salts (see [S02-507]
and refs. therein). In 2-(ET),KHg(SCN), [502]), B-
(ET),1; [503], x-(ET);Cu(SCN), [504] and some other
salts [505], the Hall coefficient has positive values,
indicating hole carriers. In (DMET),Au(CN),, where
DMET is (2b'-7c¢), the Hall coefficient changes from
positive (T>40 K) to negative (T < 40 K) [507].
Also, in 7-((P-§.S-DMEDT-TTF)>(AuBr.),(AuBr.)g 5
and some similar 1-phases the Hall coefficient has
negative values (from around RT to ca 4 K) indicating
electron carriers (Figure 3.22) [261,333,391]. Some
salts of t-phase also show negative low-field magne-
toresistance at low temperatures [261,300]. Similar
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results have been obtained from (DMtTSF).X, where
DM!TSF is (2b’-2¢’) and X = BF,, ClO4, ReO4 [480].
Also, the compound (NHMe;)[Ni (dmit)-]; shows
negative magnetoresistance at low temperatures [414].

4.3.4 Low temperature behavior and
phase transitions

In ID or 2D anisotropic electron gas the super-
conducting (SC) ground state competes with charge
and spin density wave (CDW, SDW) ground states as
theoretically predicted. But these electronic instabilities
are also strongly influenced by structural rearrange-
ments and any kind of disorder will be briefly described
before reviewing the observed cooperative ground
states.

4.3.4.1 Structural phase transitions

Since the first observationsy by X-ray diffuse scattenng
techniques of the structural features of the Peierls
instability in 1D conductors (Krogmann salt and TTF-
TCNQ [25a]) a great number of experimental studies
has been devoted to the physics of CDWs. It has been
shown that metallic CT complexes with segregated
stacks of donors and acceptors (see Figure 3.2) show
low temperature CDW instabilities as theoretically
predicted for 1D electronic systems. Several experi-
mental studies of this structural instability have been
reviewed [475] (for some recent work see ref. [45], pp.
1255-1305).

Concerning the second series of molecular conduc-
tors, i.e. RISs that are single chain or layered
conductors, a different experimental situation has to
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Figure 3.22. Temperature dependence of the Hall coeffi-

cient for currents in the ab-plane and magnetic field normal to

the plane of 1-(P-5,5-DMEDT-TTF):(AuBr,);(AuBr)g 7s.

be examined. Indeed, the CDW instability of the
organic part exists but so does the effect of the charge
periodicity of the anion sublattice and the effect of
additional periodicity due to the ordering of extra
degrees of freedom (orientation of non-centrosymme-
trical anions for example) [475,480].

Several onentation and conformational degrees of
freedom have a key control of thee phase transitions
and they lead to a subtle interplay between the different
possible ground states. To investigate these sttuations
associated with different structural degrees of freedom,
detailed structural analyses at low temperature or under
hydrostatic pressure are necessary.

4.3.4.2 Influence of disorders

As shown earlier the conductivity properties are
strongly related to the structural classification, which

-has been already presented. It appears nevertheless that

we are not always in the presence of ideal tri-penodic
molecular systems but with different kinds of disorders.
The influence of these disorders is a rather complicated
effect. It depends roughly on two parameters, which are
the electronic dimensionality and the nature of the local
perturbation. As pointed out in Section 4.1, in pure 1D
systems any disorder will induce an electronic
localization. It appears therefore that this effect will
be efficient in disordered 1D conductors but weaker in
q-2D ones (see Figure 3.12 for a topological classifica-
tion).

Concerning the second parameter, the local perturba-
tion can induce a periodic or random potential which
schematically modifies drastically or not the site energy
(see e-p interaction earlier). The energy of this
perturbation compared with the value of the associated
transfer integral will give an indication of the localiza-
tion effect and the associated coherence length of
charge carriers. '

Various models have been proposed to account for
the transport and magnetic properties of these mole-
cular matenals [477]. Without going into detail, the
influence of disorders on a low-dimensional conductor
can be classified in two parts:

(a) Strong localization effect: the charge transport
will be in a diffuse regime (kg | < 1). The basic
model is based on interrupted strands of various
lengths. The d.c. electrical conductivity will
obey Mott’s law associated with a variable range
hoppin% (dimensionality arguments lead to
cx T~ for 1D systems). A kind of Mot
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Anderson progressive transition is observed with
an insulating low temperature state [477]. For
the magnetic properties a random exchange
model in linear chain has been considered giving
rise to a Curie-type law at low temperatures
[477] in agreement with the expenmental
results. These effects, first observed for TCNQ
salts exhibiting a natural disorder, have been
studied in detail thanks to controlled irradiation
effects [476]. Indeed, the concentration of
defects produced by neutron or X-ray irradiation
can also easily destroy the superconducting state
and induce a pinning of the CDW preventing any
electronic instability. The physical consequence
is the stabilization of the metailic state at low
temperature as in the presence of an intrinsic.
small disorder, described in the following part.
(b) Weak localization effect: The charge transport
will be in a coherent regime (kg| > 1) with a
metallic state down to very low temperature.

This localization gives rise to non-classical effects
which are manifested both in the temperature and the
magnetic-field dependences of the electrical resistivity
at low temperature. The resistivity value goes through a
minimum, then increases loganithmically, while the
magnetoresistance is negative [478].

In disordered electronic systems the weak localiza-
tion effect occurs when the probability for elastic
scattering of carriers by static lattice defects is much
larger than that for the temperature-dependent classical
inelastic-scattering processes. It has been shown that
the constructive interferences of these inelastic scatter-
ing events in 2D electronic systems leads to an
additional contribution to the low temperature resistiv-
ity: besides, the magnetic field application tends to
destroy this localization effect and then to decrease the
zero-field resistivity value [478]. It tums out that in
several CT salts such a situation occurs when a weak
structural disorder 1s present in the counterions. A few
cases have been reported, for example tetraselenote-
tracene iodides [479], exhibiting a metailic conductivity
down to 0.1 K [479]. Also similar results have been
obtained from Bechgaard-type salts [480].

Recently, it has been proposed that t-saits, which are
indeed isotropic 2D metals, exhibit the same quantum
effect at low temperature (see Figure 3.17a and refs.
[261,500,383,391,407,443]). As also evidenced by
controlled meehanism effects, 1t appears that a weak
natural disorder can prevent the occurrence of a
superconducting state even when a coherent regime
for the free charge carriers is present.

4.3.4.3 Cooperative ground states

(a) Magnetic ground states. The evidence for mag-
netic ordered states is provided fully by the already
described experimental techniques as shown in the
following example. Owing to magnetic resonances, the
precursor effects are detected by ESR and the analysis
of the condensed state is made by antiferromagnetic
resonance (AFMR). One example is given on Figure
3.21 for (TMTTF),Br, which shows a broadening of the
linewidth associated with the presence of a fluctuating
internal field for + > 7Ty (a narrowing as well as a
broadening of the linewidth can be observed in
principle associated with a shift of the g-factor) [499].

Below Ty, the AFMR technique is an excellent probe
for characterizing these q-1D salts [508], where the
SDW state is condensed. Besides combining different
techniques, it is possible to define a magnetic phase
diagram as given on Figure 3.23 for a Bechgaard salt:
in particular, the classical spin flop field is evidenced by
using a torque method to determine the magnetic
anisotropy.

Another interesting example concerns the x-phase
series where a magnetic ground state is competing with
the SC one. As shown on Figure 3.21 for ~-
(ET),Cu(SCN),, a line broadening is observed at
temperatures much larger than T,, which could
indicate the presence of a magnetic fluctuating regime
before the appearance of the pairing process [509].

This point is confirmed by the investigations on the
parent compound x-(ET),Cu[N(CN),]JC! which pre-
sents special features [510]. For this salt, a condensed
magnetic state occurs at around 45 K where the
presence of a weak ferromagnetic [408] (or fermmag-
netic) component is detected bv ESR and SQUID
measurements (see Figure 3.24). By using a moderate
hydrostatic pressure, the SC state can be observed and
by applying an external magnetic field a resistive
transition is induced, indicative of a re-entrant
behavior [S11]. These results clearly show the
competition between the different ground states in g-
2D systems.

Indeed, in the presence of compounds with increased
effective dimensionality, the same competition between
the different possible ground states together with an
increase of the transition temperatures is observed.
These facts are summarized in Table 3.16 where Ty
and T, are given for q-1D and g-2D salts. It should
be mentioned that a further increase of the dimen-
sionality toward more 3D electronic systems will
increase these transition temperatures as indicated by
theoretical approaches; however in the following we
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Figure 3.23. Magnetic phase diagram of (TMTSF),TaFs. (H,; indicates the spin-flop magnetic field in the AF state).

.

will not discuss the mechanisms of these phase the superconducting state [24] in the case of x-phase
salts which exhibit the highest 7, in these series of

materials (see Tables 3.14 and 3.16). We will give
examples of d.c. and a.c. magnetizations and suscept-
ibilities associated with their anisotropic behavior
characteristic of a lamellar structure [512-518]. One

transitior:s.

(b) Superconducting state. We will show the magnetic
evidence associated with the onset and the behavior of
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Figure 3.24. Temperature dependence of the magnetization of x-(ET),Cu[N(CN),]C! single crystals rsvealing a magnetic
transition at 45 K (the broken line indicates the spin susceptibility estimated from the intensity of the ESR line) [510].



CHALCOGEN COMPOUNDS AND THEIR CONDUCTING SALTS 209

experimental point has to be mentioned concerning the
microwave experiments. Evidently, no ESR signal is
found in the SC state but because of the enormous
microwave losses when the phase transiticn is appear-
ing, a shift of the resonance cavity frequency is easily
detected at zero applied magnetic field [22]. This is a
very convenient contactless technique to check the
presence of a SC state. More sophisticated microwave
loss techniques are also used to investigate the
superconducting characteristics [S14].

Starting from these experimental facts, we will
describe the charactenstics of this type 11 SC. In these
matenals the superconducting electnical properties are
present up to a field denoted H ; cailed the upper
critical field. However, a type Il SC is charactenzed by
a stable mixed state before destruction at K., existing
in a certain range of magnetic field strength:
H., < H(T) < H,;. Therefore the field is completely
excluded only at very weak magnetic field lower than
H_: this is the ideal Meissner state.

In thz mixed state, the external field will penetrate
partially into the surrounding SC matenal. This flux
penetration or fluxoids is quantified, in agreement with
the defined coherence length: it constitutes the vortex
lines as described by Abrikosov a long time ago. A new
fact which has recently appeared with the high T
inorganic SC is the existence of an irreversibility line 1n
the mixed state. This line H(T) is detected by
comparing the magnetization curves when the sample
is cooling down under and in the absence of magnetic
field, a regime change is observed when the T
dependence of the magnetization becomes irreversible
for a characteristic field at a given temperature.
Different theoretical models have been proposed, in
particular by analogy with a phase transition where the
lattice of magnetic vortex filaments meit for H = H,; to
give a liquid or glassy vortex.

An example of magnetization measurements carried
out with a d.c. SQUID magnetometer is given in Figure
3.25 where the Meissner effect is shown for a low field
cooled sample (H,. < H.) (approximately up to 60%
of the perfect diamagnetic value yyy = —1 4 1 u.em.
C.G.S. for a d.c. magnetic field applied perpendicular
to the conducting layers).

For a wide range of field intensities and temperatures,
an entirely reversible magnetization curve has been
found indicating the formation of a pinning free
homogeneous vortex lattice [514].

Complex susceptibility measurements allow further
informztion to be obtained as shown in Figure 3.26. A
sharp transition is observed on the dispersive term
whereas the imaginary part forms a sharp peak around
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Figure 3.25. Magnetization of «-(ET),Cu[N(CN),]Br

measured upon cooling in a field of H = 20 gauss applied
perpendicular to the conducting plane [513)].

the transition region. This peak diminishes with
decreasing a.c. field because the y component appears
due to hysteresis loss caused by the vortex motion; it
can be used as a monitor of vortex entrance in the pure
SC state at H > H,,.

More detailed approaches can be carried out on these
non-linear systems with in particular the a.c. suscept-
ibility harmonic analysis. The onset of the third
harmonic modulus can be used to detect the irreversi-
bility line [515]; however a delicate analysis with
several parameters such as frequency and intensity of
the a.c. field is necessary.

One complementary point concerns the anisotropic
behavior. As shown in the previous Figures 3.24 and
3.25, the d.c. magnetic field H was applied perpendi-
cular to the conducting planes as shown on Figure 3.27.
If H is rotated to be in these planes, a strong difference
in the magnetic response is detected [S17]. This fact
shows that these compounds are very anisotropic; they
are lamellar SC compounds on which the basic effect is
the Josephson-type coupling between layers and the
associated formation of a vortex as recently emphasized
[518]. It has been demonstrated that, in the compounds
with 1D and 2D bands in the Fermi surface (see Figure
3.15), the 2D band works for SC and the ID band
works for SDW [518]; in otfer words, there is an
interplay of superconductivity with magnetism.

It tums out that currently the physics behind these
unconventional SC compounds, on which only an
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Figure 3.26. Complex susceptibility measurements of xk-(ET);Cu[N(CN);]Br in the vicinity of the superconducting transition
(insert: details near T and 7.4,). Crystals containing BEDT molecules with natural abundance isotopic carbon composition are
compared with those having their central C=C bond atoms replaced with '>C. Reprinted with permission from ref. 515.
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Figure 3.27. Temperature dependence of the upper critical
fields (H., and H,,) for magnetic fields applied perpendicular
and parallel to the conducting planes of -
(ET),Cu[N(CN),]Br. Reprinted with permission from ref.
517.

outline has been given here, is not completely under-
stood. In particular the pairing mechanism is not fully
elucidated in spite of many investigations relating to the
isotopic effect [515]. Classifying the new series of
superconductors, the authors of ref. [519] have
proposed to gather together different compounds such
as high-T. cuprates, fullerides and heavy Fermi
compounds which are characterized by a large ratio
TJ/Tg (T is the Fermi temperature). These materials are
correlated systems, as demonstrated by the presence of
competitive magnetic ordered states and the electronic
interactions should play a role in the pairing mechanism

[520].

4.3.5 Quantum magnetooscillation effects

When a high magnetic field (/) is applied to low-
dimensional conductors at low temperatures, several
magnetooscillation phenomena, caused by Landau
sublevels passing through the Fermi level, are observed
(see [521-531] and references cited therein). In 2D
conductors (with closed orbits) the magnetization
oscillation s known as the de Haas-van Alphen
(dHvA) effect and the magnetoresistance osciilation
as the Shubnikov—de Haas (SdH) effect. These effects
have been observed firstly in thin metal films [521,522]
and more recently in a number of low-dimensional
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synthetic metals [523-531]. Moreover, some new
phenomena [524,525] such as the ‘angular-dependent
magnetoresistance resonance’ and ‘paramagnetic quan-
tum oscillation’ have been observed, even for materials
with open orbits (e.g. g-1D). Also, an effect similar to
quantum Hall-effect has been observed in some salts
based on TMTSF [505]. Oscillations can be observed in
metallic compounds or compounds which are semi-
conductors or superconductors, becoming metallic
under high pressure (or under a magnetic field in the
case of superconductors). The form of the correspond-
ing spectra is sensitive to the structure of the material,
even for materials of the same phase. However, there
are some similarities in the spectra of materials of the
same phase. In high magnetic fields, the spectra show
lines which are due to the ‘normal’ orbits as well as
lines which are due to magnetic breakdown orbits.
Magnetic breakdown arises from electrons tunneling
through the energy gaps formed in the Brillouin zone

{BZ) boundaries (see for example Figure 3.15L111) by

periodic lattice potential.

The experimental results are powerful tools to probe
the Fermi surface geometry, the conduction electron
relaxation time (t) and the effective mass {(m*). These
parameters are obtained from analysis of the oscilla-
tion period or frequency (F) and amplitude (A4) via the
so-called Lifshitz—Kosevich formula (see for example
(521-523]). The temperature (7) and field (H)
dependence of SdH oscillation amplitude for the
fundamental frequency is expressed by

Texp(—LuTp/H)
H'? sin W(LuT/H)
where 4, is a constant, L = 2n’mokgl/eh, = m*'my,
Tp =h2rkgt (the Dingle temperature) and ¥ is an

arbitrary phase; F is directly proportional to the
external area of the Fermi surface, namely

F = /fS/ZTZé’

sin (2nF/H +'¥) (3.7)

:4 = A‘)

(3.8)

The results are sometimes close to those obtained tfrom
band structure calculations and/or the optical ab-
sorption  measurements  (reflectance spectra)
[438,447,523,526]. Some examples are given below.

Figure 3.28 shows the magnetoresistance of -
(ET),KHg(SCN); at 0.1 K for H| b* axis (whereby
the b*-axis is the normal to the ac-plane) [527]. One
can see that magnetoresistance oscillations are ob-
served for H > ca7 T. Figure 3.29 shows the corre-
sponding SdH signal at 0.05 K for H| b*-axis,
obtained by a standard low-frequency field modulation
technique [527]. The Fourier transform spectrum is
presented in the inset of Figure 3.29. This spectrum

clearly demonstrates an oscillation () with frequency
F, =673 T and its harmonics (22, 32, 4%), as well as
an oscillation () with frequency Fg = 4260 T. These
values give the ratio of the corresponding Fermi
surfaces as Sg:S, = 6.33. The corresponding masses
of f- and x-oscillation have been estimated to be
3.7+£0.2 my and 1.5 0.1 myg, respectively [527].

According to band structure calcuiations (see Section
4.2) in 2-(ET),KHg(SCN)4 and similar salts the fermi
surface consists of (2D) hole closed orbits (x) at the
comers of the BZ and (ID) electron open orbits
running along the k. direction. A magnetic breakdown
orbit (8) can be formed at high magnetic fields from
the x-orbit and the 1D orbit, as it is shown in Figure
3.30. The cross sectional area of the Fermi surface is
calculated to be ca 100.6% of the BZ for the S-orbit
and 15.9% of the BZ for the z-orbit; the corresponding
ratio. (100.6/15.9 = 6.33) is the same as that found
from SdH oscillations.

SdH  Fourer  transform  spectra  of  x«-
(ET);MHg(SCN), show the oscillations of x- and -
orbits (M = TI, Rb) and their harmonics (2, 3x, etc.)
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Figure 3.28. Magnetoresistance of x-(ET),KHg(SCN),4 at
0.1 K for H | b*-axis with electric current in the ac-plane.
{Reproduced by permission of Pergamon Press from ref.
527)
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Figure 3.29. SdH signal of x-(ET),KHg(SCN), measured
at 0.05 K by the field modulation technique. (Reproduced by
permission of Pergamon Press from ref. 527.)

or combinations (x2 + B, f—=z, etc.) (M = TI) [524],
but in the compound with M = NH, the SdH spectrum
does not show the breakdown oscillation (f) [527].
The compound with M = K shows a transition, the so-
called ‘kirk’ transition at ca 22 T, which 1s associated
with the SDW [445b,525,527,528].

For 0-(5T),lI; the following have been found: a
closed orbit oscillation (a) with F, =779 T
(S, =19% BZ) and a breakdown orbit (f) with

o —
™
a
N - ;/'

Figure 3.30. Calculated Fermi surface of a-(ET)K-
Hg(SCN)4. (Reproduced by permission of Pergamon Press
from ref. 528.)

Fgp=4234T (Sp=102% BZ), the harmonics (22,
3a, etc. 28) and some new oscillations of small area
[447,470,523,524].

The spectra of f-(ET),IBr, show the main oscillator
at F = 3842 T with area 53% BZ and some weaker
oscillations [523,524].

The spectra of x-phases are described in a number of
papers (see for example [523,524,526,529]). The SdH
spectrum of xk-(ET);Cu(SCN), shows an oscillation of
x-orbit at ca 600 T and oscillation of breakdown orbit
(P) at ca 3920 T and some others (2x, 24, f + 2. 2,
etc.). In the case of wk-(ET).l; the corresponding
oscillations are observed at relatively low fields, 1.e.
without magnetic breakdown effect, because of the
zero gap of the Fermi surfaces at G-points (see Figure
J3.15HD. Oscillations are also observed in x-(DMET),-
AuBr,, material which is based on unsymmetrical
donor molecules (2b’-7c) (see [523] and refs. therein).

Oscillations from /-(BETS),FeCl, are described in
[530], but there are not yet results for oscillations in z-
phases. Measurements under high pressure and/or

“magnetic field [300] are necessary to suppress the

metal to insulator transition of these compounds,
observed at ca 6 > K. Magnetooscillations have also
been observed in Ni(dmit); complexes [531].

Because of the increasing number and the vanety of
structures of organic conductors based on tetrachalco-
genafulvalenes and metal 1.2-dichalcogenolenes, new
results and new quantum magnetotransport effects are
expected for these kinds of matenals, which have
simple Fermi surfaces, in companson with those of
elemental metals (e.g. Mg, Zn).

S CONCLUSIONS

In this review we have tried to show that the synthetic
challenge with these molecular solids is to go from a
molecular characteristic to a bulk property. following a
more or less rationalized method. The chemical
preparation of these new molecular matenals is based
upon a two-step process:

(1) the chemical synthesis ot n-donor and n-
acceptor molecules

(1) the control of electronic transfer between
molecular blocks by prepanng charge-transfer
salts (1.e. CTCs or RISs).

The intrinsic molecular characteristics such as size,
symmetry and density of m-electrons are necessary
basic requirements in these heterocycles but not
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sufficient. The second step, which is to prepare single
crystals through a supramolecular organization be-
tween donors and acceptors, or one of them associated
with a counterion, is the key point. Great progress has
been realized with the electrocrystallization technique
developed for the series of RISs. [f these two problems
are overcome, the structural and physical properties of
these molecular solids can be investigated. It appears,
nevertheless, that to reach this goal a lot of chemistry
work has to be accomplished in a first step; several
new molecules that have been synthesized give new
conduct.ng materials (e.g. z-. k-, 4-, t-phases).
However, following the general guidelines which have
been presented in this review. it has been shown that
during the last 30 years new series of conducting
materials with predicted characteristics such as the
onset of magnetic ordering or of a superconducting
state at low temperature have been discovered. To
summarize this point we can describe these new
compounds as strongly correlated electronic or mag-
netic systems of reduced dimensionality. Playing with
the large polymorphism present in these radical cation
salts, q-1D or q-2D electronic structures exist; they are
associatad with the presence of electrons with strong
Coulombic interactions. This characteristic is de-
scribed thanks to Hubbard-type models in physics
languagz, which is equivalent to a mixed-valence state
in chemistry language.

Now to finish this review we want to give the actual
trends found from this research on new molecular
materials and more specifically discuss the develop-
ment of the series of radical cation salts derived from
the TTF backbone.

For the synthetic challenge of finding new materials
with interesting cooperative propertics, two ways are
proposed. On the one hand, there is the development of
extended or functionalized n-systems, and on the other
hand, manipulation of the role played by the counter-
ion which can offer several facets:

(1) New developments in the synthesis of donor
molecules. Recently new molecules, based on
large sulfur heterocycles. and from them, novel
series of conducting 1:1 radical cation salts
have been synthesized. In particular a single
valence salt derived from a bis-fused TTF
|388b] presents a metallic behavior at around
room temperature. Following the description of
a Mott—-Hubbard (metal-insulator) transition, it
appears that a decrease of the on-site Coulomb
repulsion with an increase in the molecular size
is responsible for this behavior. A gradual shift

from the ‘large U to the *small U approxima-
tion in these correlated systems has appeared.
The rule of homogeneous mixed-valence state
to obtain a partially full electronic band is not
necessary any more. In the future it will be
necessary to stabilize the metallic state at low
temperature on examining the possibility of
obtaining new compounds with either a mag-
netic or a superconducting ground state. This
situation would be analogous to the case of
monovalent Cg alkali-metal salts, which are 3D
electronic systems. This companson leads also
to the prospect of real 3D systems with n orbital
overlapping and delocalization in different
spatial directions.

A complementary point, following this analysis, is
the hierarchy of the electronic correlations and the
electron—phonon interactions. In the presence of
extended n-systems, U and V' Hubbard parameters
decrease and they become about the same order of
magnitude as the interactions with the phonon lattice
and molecular vibrations. In such a situation a
polaronic process occurs; even the case of bipolarons
associated with a two electron transfer has been
predicted with the possible occurrence of a Bose
condensation [333a].

(i1) Role of counterions. The following counterion
charactenstics have to be considered; (a) the
size, shape and symmetry, with the possibility
of an orientational order, but also the formation
of a linear or a planar polymeric sublattice; (b)
the valence state going from monoanions to
polyanions which induce multipie electrostatic
interactions and several electron exchanges
between partners; (c) the magnetic state,
diamagnetic or paramagnetic, in the presence
of transition metals with unpaired spins.

They play the role of spacers between organic
columns and layers with the presence of Madelung
energy which have to be minimized but also acting as
an external potential on the electronic gas. In particular,
the compound stoichiometry can induce incommensu-
rate—commensurate effects between the two sublattices.
Two effects are recognized: the polyanion charge, going
up to —6 and acting as an electron reservoir, and the
role of localized magnetic moments inducing indirect
exchange interactions. In this research for new conduct-
ing molecular materials by assembling together inor-
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ganic and organic blocks. we have been interested in
series of polyanions associated mainly with TTF and
ET molecules: tetracyanometallate planar complexes of
P’ *, Ni** [380b,409b] and polyoxometalates with
quasi-spherical shapes, Lindquist and Keggin structures
[362].

A magnetic coupling between local moments and
conduction electrons is known in ordinary metals (s-d
models). This kind of indirect exchange interaction can
give rise 1o a ferromagnetic coupling through the so-
called RKKY oscillations [455]. This kind of magnetic
interaction has been developed in these hybrid organic—-
inorganic materials. It appears that to fully succeed with
this mechanism, it will be necessary to increase the
effective exchange mechanism. The final purpose will
be to creatz a long range magnetic order associated with
a conducting character or even to stabilize a super-
conducting state in a magnetically ordered molecular
lattice (see [389g] and refs. therein).

Recently an interesting result has been observed: a
magnetic field-induced ferromagnetic ordering of Fe’ *
ions in A-(BETS),FeCl, salt [386b]. This result opens
up new ways for future work where the interplay
between superconductivity and magnetism, as in heavy
fermions, is a fundamental problem. Also, it has been
observed that the anion disorder leads to weak
localization, which prevents other magnetotransport
effects [300,443].

Comparing with conventional systems, such as
elemental metals and polvatomic superconductors, the
compounds based on tetrachalcogenafulvalenes and
metal 1,2-chalcogenolenes present some advantages; in
particular they can be easily prepared in a pure single
crystal form, stable in air. They constitute therefore a
completely different family of compounds with reduced
dimensionality, on which the physical theories asso-
ciated with the cooperative magnetism of the onset or a
superconductivity state, can be tested to generalize the
concepts involved.
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