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DESIGN AND PROPERTIES OF ORGANIC METALS 

P. DELLIMS 
Centre de Recherches Paul Pasca l  - CNRS, Donaine Univer- 
s i t a i r e  de Bordeaux I - 33405 TALENCE FRANCE 

Abst rac t  The organic  metals are presented  as one of t h e  
classes of II-bicomponent systems. Then, t h e  r e l a t i o n s h i p  
between t h e  molecular c h a r a c t e r i s t i c s  and t h e  s o l i d  s ta-  
t e  p r o p e r t i e s  i s  analyzed i n  o rde r  t o  provide  gene ra l  
gu ide l ines  f o r  t he  s y n t h e s i s  of these  new compounds. F i -  
n a l l y  one p a r t i c u l a r  series of organic  conductors  i s  
presented ,  t h e  tetramethyltetrathiofulvalenium salts 
(TMTTF2-X') and compared wi th  t h e i r  selenium analogs 
(TMTSF,-X'). 

The aim of t h i s  paper i s  double ,  on t h e  one hand t o  d e f i n e  

organic  metals as a new class of materials, and on t h e  o t h e r  

hand t o  g ive  a comprehensive review on t h e  phys ica l  proper-  

t i e s  of a new s e r i e s  of compounds. 

I n  t h e f i r s t  p a r t ,  t h e  Il bicomponent systems are reviewed, 

t he  d i f f e r e n t  c l a s s e s  obta ined  are p resen ted ,  and among 

them t h e  mixed valence systems which g ive  r i se  t o  t h e  orga-  

n i c  metals. For t h i s  new c l a s s  of m a t e r i a l s  t h e  chemical 

c l a s s i f i c a t i o n  al lows us  t o  d i s t i n g u i s h  between t h e  charge 

t r a n s f e r  complexes and the rad ica l - ion  sa l t s .  The cr i ter ia  

to  des ign  new compounds are analyzed and app l i ed  t o  an ex- 

per imental  i n v e s t i g a t i o n  on the  TTF-TCNQ series. This  che- 

mical physics  approach c o n s t i t u t e s  t h e  second s e c t i o n  of t h i s  

paper.  

A t h i r d  p a r t  i s  devoted t o  the  s t r u c t u r a l  and phys ica l  

p r o p e r t i e s  of t h e  r a d i c a l  c a t i o n  s a l t s  based on TMTTF and 
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230 P. DELHAES 

TMTSF molecules. These salts present a very attractive beha- 
viour because they present a double challenge : 

- the role of the counter-ion sublattice when non-centrosym- 
metric anions are involved ; an order-disorder phase transi- 
tion occurs and competes with the intrinsic instabilities 
present in a pseudo one dimensional electronic system. 

- the competition between these instabilities which give ri- 
se to different ground states associated with a structural 
distortion or not (antiferromagnetic or superconductor sta- 

tes). 

Finally these results will serve to define the guideli- 
nes for synthesizing new compounds with desired physicalpro- 
perties. 

1 - THE fl BICOMPONENT SYSTEMS 
We will consider the different kinds of organic materials 
obtained from the association of two molecules : one is an 

electron acceptor (A) whereas the other is an electron do- 
nor (D). They form together a charge transfer complex following 

MULLIKEN's definition'. Such a molecular association in f i- 
xed stoichiometry has to be investigated by considering two 
relevant points : 

- the molecular blocks : the involved molecules are ei- 
ther aromatic molecules or II electron donors or acceptors in- 
volving the highest occupied (or the lowest unoccupied) mo- 

lecular orbitals. 
They present a planar shape favorable for a compact 

stacking in a privileged direction. 
- the assembly between them ; they can form a bimolecu- 

lar association (AD) for which we consider how the molecules 
hold together; in other words, what is the nature of the 
cement between them in the solid state? 
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DESIGN AND PROPERTLES OF ORGANIC METALS 23 I 

The answer w i l l  be based on two c r i t e r i a  t h a t  we w i l l  

examine : 
- a s t r u c t u r a l  f a c t o r  a s  i nd ica t ed  by t h e  c r i s t a l l o g r a -  

ph ic  s t r u c t u r e s  with a fundamental d i s t i n c t i o n  : mixed o r  

segregated s t a c k s  of t he  involved molecules 

- an ene rge t i c  f a c t o r  which has  t o  dea l  w i th  t h e  n a t u r e  

of t h e  chemical bonding and t h e  a s soc ia t ed  elementary exc i -  

t a t i o n s  

A c l a s s i f i c a t i o n  of charge t r a n s f e r  (C.T.)  c r y s t a l s  

I C .T. -did ( D + A  - D*PA-P 1 

ionic * 
neutral-ionic , p y ,  6 pc, , 
transition nicii 

phase 

(mixed or (segregated stacks 1 
segregated stacks) 

FIGURE 1 .  C l a s s i f i c a t i o n  of n molecular charge t r a n s f e r  
c r y s t a l s  (from SOOS2 and TORRANCE3) 

Following t h e  c l a s s i f i c a t i o n  proposed by SOOSZ f o r  t he  aro-  
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232 P. DELHAES 

matic  ion- rad ica l  c r y s t a l s  and us ing  the  c r i t e r i a  e s s e n t i a l -  

l y  def ined  by TORRANCE3 we p re sen t  i n  f i g u r e  1 a genera l  

c l a s s i f i c a t i o n  f o r  t hese  Il molecular  systems. S t a r t i n g  from 

a formal molecular d e s c r i p t i o n ,  complex formation between 

the  molecules A and D i s  s t a b i l i z e d  by resonance' .  I f  we d e  

f i n e  the  degree of charge t r a n s f e r  (p) between them, t h e  

ground s ta te  can be e i t h e r  n e u t r a l  ( p ~ o )  o r  i o n i c  (p>o). We 

d i s t i n g u i s h  t h e r e f o r e  two types of compounds : t h e  molecu- 

l a r  c r y s t a l s  and the  C . T .  c r y s t a l s .  

Now i f  we wonder about t h e  s t r e n g t h  of i o n i c i t p  i .e. 

the  degree of charge t r a n s f e r 3 ,  i t  can be complete o r  p a r t i a l .  

In  the  f i r s t  s i t u a t i o n  ( P S I )  we g e t  i o n i c  c r y s t a l s  whereas 

i n  the  second one ( p < l )  W e  o b t a i n  mixed va lence  c r y s t a l s .  

This  is  t h e  latest  c l a s s  of compounds, t oge the r  w i th  i o n i c  

and n e u t r a l  molecules,  which c o n s t i t u t e s  t h e  o rgan ic  con- 

duc tors .  

CRYSTAL TYPE AND GROUND STATE ELEMENTARY EXCITATION 
~ 

? ? ? ?  1) IbLECULdR CRYSTALS, NEUTRAL STATE - FRENKEL EXCITATION 

I,,. ADADAD... IPLL, .-ADA'DAD ... I 
I ...ADADAD... 1-1 .., ADA-D+AD... I 

tt f C  *5 I b  

55 6 j?.b 

- CHARGE TRANSFER EXCITATION 

- .BACK" CHARGE TRANSFER EXCITATION A D A . ?  c 1  
I,,. A-D+A-D+A-D+ ... 13 ... A-D+A*D*A-D+... I 

I ... A-A-A-A-A-A:..IC!I ... A-A-A-A'A-A- I.I I 

+& -+ Q- 

hv c ',-.4 , 

- MIXED STACKS 

2 )  IONIC CRYSTALS 
- I.IlXED STACKS 

- SEGREGATED STACKS (A  OR D) - 'SELF' CHARGE TRANSFER EXCITATION A A A ?  

,, ,, ,, ,, 
3) NIXED VALENCE CRYSTALS 

- SEGREGATED STACKS I A  OR D )  - 'SELF" CHARGE TRANSFER EXCITATION 

k *-- 
% t b  $4 H I ,..A-A*A-A'A-,., 1% ,,. A-A-A'A'A' ,.. I 

- 
TABLE I D
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DESIGN AND PROPERTIES OF ORGANIC METALS 233 

To characterize now these different classes of solids 
we use on the one hand the nature of the ground state and the 

associated elementary excitation (table I) and on the other 
hand the schematic X-ray structure (table 11). A s  proposed 
by SOOSZ the nature of the elementary electronic excitations 
is the fundamental basis for this classification. In the mo- 

lecular exciton theory the classical intermolecular sing- 
let excitation is observed, the so-called Frenkel excitation 

(localized type) with an energy hVFR (first line on table I). 
This is the case observed for II bimolecular insulators which 
are composed of weakly interacting neutral closed shell mo- 

lecular units (pzo) as in monomolecular solids. Nevertheless 
in most bicornponent systems giving rise to a weak C.T. com- 

plex there are transitions to charge transfer states lying 
below the Frenkel exciton state (second line on table 1);the 

nature of C.T. excitons in molecular solids has been inves- 
tigated in great detail '. These crystals are characterized 
by Van der Waals interactions giving rise to a weak cohesion 

energy ; the acceptor and donor molecules form alternate 

CRYSTPL TYPES S C H E M T I C  STRUCTURES 

1 )  M I X E D  STACKS 

1 1  noLECULAR CRYSTALS - 
,- - - O  - 

- 

2 1  IONIC CRYSTALS. 

'A 
1 1 )  SEGREGATED STACKS 

51  Rixfo VALENCE CRYSTALS - 

CHERICAL BONDING COHESION ENERGY 
( T Y P I C A L  VALUES1 

VAN DER UAALS FORCES 40-50 I C A L  MOLE-I  

V . D . U .  

> 150 I C A L  MDLE-l  

I O N I C  

V.D.W. 

I O N I C  I, 110 KCAL  MOLE-^ 

CQVALENl 
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234 P. DELHAES 

stacks with more or less pronounced dimers (table 11). 

Now for the ionic and mixed valence crystals the C.T. 
excitation (hvCT < hvFR) is always the common electronicfea- 
ture : 

- for ionic crystals which exhibit a mixed stackingstruc- 
ture a "back" charge transfer is observed (table I) 

- for ionic and mixed valence crystals with a separate 
or segregated stacks of A(D) molecules a special C.T. exci- 
tation occurs. It is noteworthy to see that for a full ionic 
structure (p=l) this excitation implies the presence of dia- 
nion (A--) or a dication (D'+) with strong repulsive Coulomb 

interactions. This situation disappears in mixed valency 
systems where the "self" C.T. excitation is easier to reali- 
ze than in the previous case (hv'CT < hVCT). 

These different elementary excitations are experimentally 

characterized by the electronic absorption spectra5 3 6 ,  

We can complete this description by looking for the cohe- 

sive energy. Following METZGER7 if one wonders about the 

transfer of one electron it will cost an energy (ID-EA) (ID 
is the ionization energy of the donor molecule D and EA the 
electronic affinity for the acceptor molecule A). 

If (ID-E~) is less than IUI , the energy released by for- 
ming the D+A- lattice, the ionic crystal can form and U is 
the cohesive energy. At the opposite if this condition isnot 

fulfilled a neutral lattice will form with a small cohesive 
energy Uo. Now the Madelung energy EM is defined as the total 
crystalline electrostatic energy (EM = U-Uo). A very simple 
criterion for ionicity emerges : 

% + ID - E A < O  

EM + ID - EA > 0 

For mixed stacks the difference between the two situations 

ionic crystals 

neutral crystals 
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DESIGN AND PROPERTIES OF ORGANIC METALS 23 5 

can be small, this situation has been enlightened by thedis- 

covery of a neutral to ionic phase transition at 84K in TTF- 
chloranil compound (see doted line in figure 1 ) ' .  In the ca- 

se of segregated stacks the situation presents a particular 

challenge because of the repulsive intrastack interactions 

which at first sight should preclude this structural arran- 

gement. It results from a delicate balance of the intra and 

interstack ionic forces and the contribution of other ener- 

gies. The theoretical calculations show the possible stabi- 

lization of a partially ionic lattice,but this is an "a poste- 

riori" result, 

The main conclusion i s  that for the mixed valence crys- 

tals with segregated stacks the cohesion energy is lower 

than for pure ionic crystals (table 11) because the net elec- 

tronic binding energy is smallg. The key point, however, i s  

the introduction of a covalent bonding which results from 

the overlapping of Il molecular orbitals. This new feature is 
fundamental for the physical properties of these materials 

which are called organic conductors. 

2 - THE ORGANIC CONDUCTORS 
They are constituted with planar aromatic donors and accep- 

tors which form II ion-radical D'A' open shell systems2.The- 

se characteristics are the origin of the anisotropic elec- 

tric and magnetic properties. The table I11 allows u s  to 

present the two subclasses of organic conductors,with their 

main molecular components which, are respectively : 

4 -  

- the charge transfer complexes (C.T.C.) in which an elec- 

tron transfer is realized between the II-donor and the II ac- 
ceptor molecules ; they form two segretated stacks (bichain 

compounds). The outstanding case is the TTF-TCNQ series. 

- the radical ion salts (R.I.S.) where an association is 
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236 P. DELHAES 

realized between a radical-ion and a diamagnetic counter-ion. 
They offer normally one efficient stack,D or A (one chain 

compounds). 

ORGANIC CONDUCTORS 

I \ ANIONS 1 DIAMAGNETIC 

. PARAMAGNETIC 

T T F +  

T T T ~  

CATION 

RADICAL 

SALTS 

PARAMAGNETIC 

TCNQ: 

C h l o r a n i  1: 

ANION 

R A D I C A L  

SALTS 

CHARGE 

TRANSFER 

CONPLEXES 

Tetrath iofu lva lenes (TTF) 

Tet r a t h i o t e t  racene (TTT) 

E ACCEPTORS 

NC 

Tetracyanoquinodinethane (TCNQ) 

Chlorani 1 

To complete this general presentation devoted to organic 
conductors it seems interesting to present a few results re- 
levant to the temperature dependence of the electrical con- 
ductivity, the fundamental physical property to examine in 
these materials. In figure 2 ,  the results for selected sam- 
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DESIGN AND PROPERTIES OF ORGANIC METALS 231 

ples are presented : starting from the lowest values we see 
the semiconductive behavior for different anion radical salts 
based on the TCNQ molecule, discovered in the early sixties. 

The C.T.C. TTF-TCNQ,which has been the first real organic 

104 

FIGURE 2 .  Temperature dependence of the d.c. electrical 
conductivity measured on single crystals along 
the needle axis (a,,) for selected compounds: 
TCNQ salts with sodium (Na) triethylammonium 
TEA) and quinolinium (Qn),a charge transfercom- 
plexe TTF-TCIJQ ,TTT ,TSeT iodides ,and TMTSeF, - 
C104 the first organic superconductor under 
atmospheric pressure". 
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238 P. DELHGES 

metal at high temperature represented a significant improve- 

ment which was accomplished about ten years ago. Finally the 
latest researches have to deal with the tetrathiotetracenium 

(TTT) , and its selenium analog (TSeT) halogenides which are 
still conductors below 1K l o  and, from tetramethyltetrathio- 
fulvalene (TWITF) and its selenium analog (TMTSF) which are 

the first organic superconductors under hydrostatic pressu- 

re” and even without any external applied pressure for the 
perchlorate salt”. We will examine in more detail 
last series of salts. 

this 

A high electrical conductivity requires that two condi- 
tions be fulfilled as a consequence of the general descrip- 

tion for the II bicomponent systems3 : 
- an energetic condition : the degree of charge transfer, 

relative to a given stoichiometry, must be between 0 and 1 

in order to give a mixed valence compound. 

- a structural condition : the donor and (or) the acceptor 
molecules must crystallize in segregated stacks (see table 11) 

the planar shape facilitates close packing but the use of 
bulky substituents plays against it. 

On the C.T.C. series TTF (R1R2R3R4)-TCNQ(R,&) which has 

been the most widely investigated, the nature of the above 
requirements has been examined’ 3 .  We will present the essen- 
tial results which are valid for the thermodynamically stable 
phase with a standard 1-1 stoichiometry, assuming that in the- 
se compounds, prepared by a slow diffusion process, no kine- 
tic effects are effective’ 4. 

i) Energetic condition : the red-ox potentials 
A s  qualitatively described in the previous paragraph the io- 

nicity strength depends mainly on the quantity ( ID-EA).  Be- 
cause the absolute values for ID and EA are not well known 
for the organic molecules it is useful to look for the elec- 
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DESIGN AND PROPERTIES OF ORGANIC METALS 239 

trochemical half-wave potentials determined by polarography. 
We define therefore : 

A - the half wave reduction potential El (A -I- e 

- the half wave oxidation potential EY 
Assuming a relationship between these red-ox potentials, 

AS) 

(D f D + e) + +  
2 

which are determined under given conditions in the liquid 
state, and the absolute values ID, EA : 

different related combinationshave been proposed in order to 

measure the relative donor-acceptor strength and to get a 

mixed valence system (pfl ) . 
They are : 

D - 0.25V < El - E$ < 0.25V from WHELAND15 4 4, 
D - 0.19V < E - E$ < 0.31V from TORRANCE3 3 - ; +  

- C.02V < E - < 0.34V from SAITO and FERRARIS16 

We have examined the relative variations of the red-ox 

potentials for the TTF ( R I R ~ R ~ R ~ )  and TCNQ(RlR2) derivatives 

by reference with the parent molecules''. Figure 3 gives a 
relationship between p and the variations of the half-wave 

redox potentials : this diagram confirms and shows up diffe- 

rent points : 

5$ Lx 

D A 

and p based on X-ray diffuse scattering for a series of 

compounds such as TTF-TCNQ (E 
derivatives such as HMTTF-TCNQ and tTTF-TCNQ (see medium li- 

ne on figure 3 ) .  

% - E1/2) - there is a quasi linear relation between (E 

D A - El4 = 0.17V) and related % 

- for acceptor molecules with higher Et values a full 
D A 

ionic state is observed as for example HMTTF-TCNQFt, (Es - 
El = - 0.31 V); this is the upper part of the diagram (da- 
shed zone). 

A 
2 
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240 P. DELHAES 

FIGURE 3 .  Relationship between the charge transfer amount 
p and the relative redox potentials EA , E% for donors and acceptors which belong’to the 
TTF and TCNQ series. The main molecules which 
are used in this figure are : for TTF(RlR2R3R4) 
trimethylene R1 -R, = (CH, ) , : tTTF, hexamethylene 
Rl-R, ,R,-Rk=(CH, ), :IDlTTF, tetramethyl R1R2R3R4= 
CH, :TMTTF,tetraethyl R I R ~ R ~ R ~ =  CzHs:TETTF, 
octomethylene Rl-R, ,R, -R4=(CH2 1 4  :OMTTF; for TCNQ 
(RlR, ) , dimethyl RlR, =CH, :DMTCNQ , dif luoro RlR, 
=F TCNQF, and the tetraf luorotetracyanoquino- 
dimethane TCNQFI,. (For further details relevant 
to the molecules see the original paper”). 
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DESIGN AND PROPERTIES OF ORGANIC METALS 24 1 

The two isostructural salts HEIITTF-TCNQ and HMTTF-TCNQF4 

have been in~estigated'~. It has been shown that a large dif- 
ference in d.c. conductivity exists,about six orders of IM- 

gnitude at room temperature, which is caused by the degreeof 

ionicity and is in agreement with the empirical rules defined 
just above. This last C.T.C. with TCNQP4 as a strong accep- 

tor is called a MOTT-IIUBBAXD insulator : in that case the 
elementary excitation as defined in table I is much more 
energetic than for a mixed valence system. 

ii) Structural condition 
Flostof these compounds crystallize in different monoclinic 
or triclinic systems whithout any obvious rule. Nevertheless 
by using KITAIGORODSi(1I's rule for volume increments they gi- 
ve rise to a compact stacking which can be calculated. Pol-  

lowing SANDMAN14 , we define a compacity factor r : 

D where V and V A are the calculated volumes of the neutral 
molecules. 

CTC V the experimental volume for C .T.C. obtained from 
the crystallographic data' 3 .  

> In figure 4 ,  we have plotted the compacity factor (rtl) 
versus (V +VD) for the different alkyl TTF and TCNQ comple- 
xes already defined (see figure 3 ) .  Two cases are encounte- 
red : r>l, the corqounds are formed with segregated stacks 

of D and A molecules 

A 

r<l, at the opposite,mixed stacks are foun,' 'q these 
materials formed with bulky substituents. 

We conclude that with the use of alkyl groups on either 
the donor or the acceptor molecule, the steric effect beco- 
mes predominent. The cornpacity gain is associated with the 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
49

 2
1 

Fe
br

ua
ry

 2
01

3 



242 P. DELHAES 

covalent  energy due t o  the  overlapping of t h e  TI o r b i t a l s  

( s ee  t a b l e  11). When two i d e n t i c a l  molecules cannot  be  c lo-  

se enough mixed s t a c k s  are formed and,we g e t  an  organic  in-  

s u l a t o r ,  n e u t r a l  o r  i o n i c .  

0,9+ 

\ . TPTTF-TCNP 
\ 
\ 
\ OMTTF - DYOTCNP 

FIGURE 4 .  Rela t ion  between t h e  compacity f a c t o r  r and t h e  
t o t a l  volume (VA+VD) of t h e  impl ica ted  molecules  
f o r  d i f f e r e n t  CTC belonging t o  t h e  TTF-TCNQ se- 
r ies.  Two p a r t s  are def ined  r>l wi th  segrega ted  
s t a c k s  (S), r<l wi th  mixed s t a c k s  ( A ) .  

We have s h o w n f o r t h i s  series of compounds t h a t  t he  two re- 

qui red  cond i t ions  have t o  be f u l f i l l e d  i n  o rde r  t o  o b t a i n  an 

organic  conductor.  

These c r i t e r i a  can be used t o  c l a s s i f y  t h e  d i f f e r e n t  

compounds. They are a l s o  f r u i t f u l  gu ide l ines  bu t  t o  p r e d i c t  

new compounds wi th  des i r ed  phys ica l  p r o p e r t i e s  i t  seems t o  

be r a t h e r  hazardous t o  use them q u a n t i t a t i v e l y ’  3 .  The under- 

l y ing  reason f o r  such a conclus ion  i s  t h a t  w e  are looking 

f o r  II bimolecular  systems in  s t r o n g  i n t e r a c t i o n .  Each mole- 

c u l e  (D o r  A) l ooses  i t s  i d e n t i t y  because of t h e  s t rong  i o n i c  

covalen t  bonding. 

I n  o t h e r  words we have t o  f ace  a two-level d e s c r i p t i o n  : 

- f i r s t l y  t h e  bu i ld ing  b locks  which should con ta in  an a ro-  
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DESIGN AND PROPERTIES OF ORGANIC METALS 243 

matic sextet : the concept of aromaticity migration has been 

proposed to correlate with the occurence of a high conducti- 

vity''. It turns out that this concept is contro~ersial~~. 

- secondly the nature of the cement is rather complex be- 
cause these compounds are heterobonding systems. Non additi- 

ve laws are implicitely used ; starting from insulating dia- 

magnetic components, conductor and magnetic compounds are 

obtained. In consequence, the initial components loose their 

identj.ty. 

An outstanding example will be given in the last ?art of 

presentation on a series of radical cation salts. this 

3 - THE TETRAMETIlYLTETRATHIOFLJLVALENE (TMTTF) AND TETRAMETHYL- 

TETRASELENOPULVALENE (TMTSF) RADICAL CATION SALTS 

The last part of this paper will be devoted to the structu- 

ral and physical properties of this series of salts (TMTTF,- 

X and TMTSF,-X) which is 

vances in this field. 

relevant to the recent major ad- 

A summary of the main results that we have obtained will 

be presented.Up to now a chemical physics approach has been 

done and a link between the considered molecules and the so- 

lid state properties i s  necessary. First, we will present, 
therefore, a general physical background relative to these 
compounds. 

Physical background for one-chain compounds 

The IT overlap is largely restricted to one-dimensional "regu- 
lar" stacks which will induce great anisotropy of  the 

physical properties. The starting point for the electronic 

?roperties is the Id electronic band using the tight-binding 

model. This is the zero order approximation which identifies 

eachmolecule with a point site (rigid molecular approxi- 
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244 P. DELHAES 

mation) and assumes a free electron gas behaviour. 

The relation of dispersion for the electronic energy (E) 

versus the wave vector (k) is the following (see figure 6a 
for the case of TMTTF salts). 

E(k) = - 2t,, cos k a 
where t,, is the associated transfer integral - 

2E is the lattice unit cell along the stacks, G = - a a 

the reciprocal lattice wave vector 

I%I = :is the Fermi wave vector (n is associated 
with the compound stoichiometry) 

With this band model a qualitative description for the 

metallic behaviour at high temperature can be given. The fun- 
damental condition is 2k 
filled band2'. Nevertheless to observe a full metallic regi- 

me, i.e. an electrical conductivity increasing noticeably 
while the temperature is lowered, a subsidiary condition has 

to be fulfilled : the mean free path for the charge carriers 
has to be larger than the lattice unit cell (A > a). In this 
case, 

electrical conductivity whereas in the other case(A 6 a) 
it is called a diffusive regime. This is the fundamental dif- 
ference between TCNQ salts and the C.T.C. or radical cation 
salts, the experimental results of which have been presented 
in figure 2 .  

# G in order to get a partially F 

we will have a coherent regime for the longitudinal 

These materials present narrow electronic bandwiths (A=0.2- 
lev) .  Tt, understand their physical properties it is necessa- 
ry to go beyond the one-electron approximation. For that pur- 

pose on the one hand electron-electron interactions and,on the 
other electron-generalized phonons to take account of the mo- 
lecular degrees of freedom", have been introduced. This des- 
cription is rather beyond the scope of this paper. It is note- 
worthy however to define the microscopic parameters fundamen- 
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DESIGN AND PROPERTIES OF ORGANIC METALS 245 

t a l  i n  the  understanding of t h e  phys ica l  p r o p e r t i e s .  We have 

resumed on t a b l e  I V  t hese  parameters  and t h e  phys ica l  pro- 

p e r t i e s  which a r e  a s soc ia t ed  wi th  them. 

MICROSCOPIC PARMETERS __________----_-__---- 
I) & T J R O N  TRANSFER INTEGRALS 

- t. LONGITUDINAL COMPONENT : ELECTRONIC BAND- 

WIDTH 4 = qt. (0.2 - 1 EV) 

- t TRANSVERSE COMPONENT : DE?hRTURB FROM 

1 D  BEHAVIOR 

2 1  p&CTRON-ELECTRON CO RRELATIONS 

- ALONG THE CHAlN : INTRASITE COULOnS INTERAC- 

T IONS (U) AND BETWEEN NEXT NEIGHBOURGS ( V )  

(HUmARD HODEL) 

- TRANSVERSE ELECTROSTATIC INTERACTIONS 

3)  ELECTRON-PHONON INTERACTIONS 

- ELECTRON-PHONON OR N L E C U L A R  V IBRATION COU- 

P L I N G  CONSTANTS (G) 

OPTICAL REFLECTIV ITY (PLASHON FREQUENCY) 

THERMO-ELECTRIC POWER 

CONDUCTIVITY ANISOTROPY (dl 
EPR L INEWIDTHS 

PARAMAGNETIC SUSCEPTIB IL ITY  

ELECTRONIC ABSORPTION SPECTRA 

X-RAY DIFFUSE SCATTERING AND TEMPERATURE 

OF THE PERIODIC LATTICE D ISTORTION 

VISIBLE,lNFRARED ABSORPTION SPECTRA 

TADLE I V  - - -_.. - - - 

The t r a n s f e r  i n t e g r a l  t,, measures t h e  a t t r a c t i o n  of a 

charge c a r r i e r  on a moleculetoward t h e  neighbour mole- 

c u l e  ; t h i s  i s  a k i n e t i c  energy. From HUBBARD'S model', U 

r ep resen t s  t h e  r e l a t i v e  supplementary Coulomb energy when a 

given o r b i t a l  i s  doubly occupied ( s e e  t a b l e  1 ) .  

There i s  a competi t ion between these  two ene rg ie s  because 

t h e  second one tends t o  l o c a l i z e  t h e  e l e c t r o n s  on t h e  niole- 

cu le s .  Besides,  t h e  e l e c t r o n - l a t t i c e  i n t e r a c t i o n  changes t h e  

phys ica l  behavior  as we l l  a s  t h e  s t a b i l i t y  of t h e  m e t a l l i c  

s t a t e z 3  (see  next  paragraph) .  

Other e f f e c t s  have t o  be taken i n  account which are res- 

pec t ive ly  : 

- depa r tu re  from pure Id e l e c t r o n i c  behavior  : t r ansve r -  

se e f f e c t s , d u e  t o  t h e  l a t t i c e , w i t h  an e l e c t r o n i c  o r  an elec- 

t r o s t a t i c  o r i g i n .  

- counter-ion s u b l a t t i c e  e f f e c t s  : commensurabili ty or  

incommensurabili ty of t h e  two s u b l a t t i c e s ,  o rder -d isorder  
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246 P. DELHAES 

effect associated with the counter-ion characteristics. They 
will act as an external potential on the electronic gas. 

All these features give rise to delicate physical situa- 

tions because several of these parameters are about the same 

order of magnitude and act simultaneously. 

The last point to mention is about the Id instabilities 
and the different ground states which have been foreseen by 
the theoretical approaches. For real systems some kinds of 

interaction between neighbour chains are always present,but 

the deviation from an ideal Id  behavior is not dkastically 

changed, excepted that the different types of order will oc- 
cur at T > OK. Using a "geology" approach, four types of order 
have been discoveredz4 which are : 

- the charge density wave (CDW) state following a periodic 
lattice distortion (PLD) as initially proposed by PEIERLS in 
1955 

- the spin density wave (SDW) which corresponds to a spin 
modulation state and an antiferromagnetic order (AF) 

(SS) 

(TS) 

- the singlet pairing superconducting state 
- the triplet pairing superconducting state 
For the experimentalist the fundamental point is that 

the metallic state is not stable down to very low tempera- 

tures. 

with a structural distortion or not. 

A phase transition must occur, which will be either 

In the first case, we will get a PLD or PEIERLS distortion 
well known in the two limiting cases: 

- for a free electron gas (t,,>>U) a charge excitation (CDW) 

with a characteristic wave vector 2kF will condense at the 
phase transition ("electronic" PEIERLS distortion2 

- for a highly correlated gas where the Coulomb interac- 
tionsare strong (U>>t,,) a spin excitation (SDW) will be pre- 
sent at 2kF, accompanied by a 4k charge excitation*l, which F 
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DESIGN AND PROPERTIES OF ORGANIC METALS 241 

gives rise to a similar phase transition ("magnetic" PEIERLS 

distortion'q. 

For both cases an insulating non-magnetic state i s  obser- 

ved at temperatures below the phase transition (Tc). 

The three other instabilities cannot be evidenced by a 

structural investigation but indeed by a change of the elec- 

tronic or the magnetic properties. 

General presentation 

Several tetramethyl salts were synthesized by direct oxi- 

dationZ7 and methathesis" in a first series of investi- 

g a t i o n ~ ~ ~  and later on by electro~xidation~ : 
- -  

TMTTF,-X' with X' = BF;, C l O , ,  Br , I , SCN-,  NO,, PF;, 

A S F ~  
This last technique which allows us to get good quality 

single crystals has been initiated by BECHGAARD for the TMTSF 

salts31 which are isomorphous and isostoichiometric to the 

first ones. A rather large amount of anions have been used3'; 

we will be interested only in those which are identical for 

the two series : - 
TMTSF2-X' with X' = BF; , ClO,, ReOL , NO,, PF,, AsF, 

The anion characteristics have to be taken into considera- 

tion : they are the size,symmetry and shape, the valence sta- 

te and the magnetism. A fundamental distinction is between 

centro-symmetric (spherical X 

centrosymmetric anions (tetrahedral AX;, pyramidal AX,, pla- 

nar NO, , linear SCN-) 

- 
; octahedral AX;) and non- 

- 

As already noted the structural organization at room tem- 

perature (triclinic system) is the same for all the com- 

p o u n d ~ ~ ~  ; we have chosen the crystallographic structure of 

TIflTF2-PFs as a typical case (figure 5). The main features 

are the following : 
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248 P. DELHAES 

FIGURE 5. Crystallographic structure of TMTTF2-PF6 at 
295K with two different projections in the 
plane XY (left part) and in the plane YZ 
rightpart). Ths lattice garameters arg respec- 
tively a=7.15 A, b=7,57 A and c=13.21A (from 

3 4 ) .  

i) the cation stacking : two molecules per unit cell along 
a-axis with a zig-zag stacking mode, this is a slightly di- 

merized structure with two different mean distances dl and d, 

characterized by the parameter 6 = dl-d2 (0.02A<b<0.10A for 
TMTTF salts 3 ,  and even smaller for the selenium homologs) . 
These chains are grouped in planes separated by counterion 
arrays ; the shortest interchain distances are in the b-di- 
rection, they are characterized by S...S (or Se ... Se) con- 
tacts which indicate the order of magnitude for the transver- 

se interactions34. 
ii) the anions : they lie in the center of cavities formed by 
the methyl groups of the radical-cations. They are on an in- 
version center (F1 space group) : for centrosymmetric anions 
this is the conventional situation but for non-centrosymmetric 

0 0 
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DESIGN AND PROPERTIES OF ORGANIC METALS 249 

ones two poss ib l e  o r i e n t a t i o n s  a r e ,  a t  l e a s t ,  equiprobable  

and a s t r u c t u r a l  d i so rde r  is  observed a t  room temperature .  

E l e c t r o s t a t i c  i n t e r a c t i o n s  between an ions  and c a t i o n s  a long  

t h e  C-axis a r e  p re sen t ;  t hey  are func t ions  of t h e  s i z e s  SYm- 

metry and e l e c t r o n e g a t i v i t y  of t h e  given counter- ion.  

According t o  the  descr ibed  s t r u c t u r e  we can r ep resen t  t h e  

Id e l e c t r o n i c  band i n  the  t i g h t  binding approximation ( f igu -  

r e  6a ) .  Because of t he  dimerized s t r u c t u r e  the  i n i t i a l  band 

is  s p l i t  and t h e  upper one is  ha l f - f i l l ed* ’ .  The wave vec- 

t o r  2kF i s  equal  t o  ha l f  t he  B r i l l o u i n  zone. The t r a n s f e r  

i n t e g r a l  es t imated  from plasmon frequency i s  t,,;O.O75eV 

( t , , ” O .  125eV f o r  TMTSF s a l t s ) .  

FIGURE 6 .  a) Energy-wavevector r e l a t i o n  E=f(k)  i n  t h e  Id 
t i g h t  binding approximation f o r  t h e  case  of 
a weakly dimerized s t r u c t u r e  

b )  Fermi su r face  f o r  an a n i s o t r o p i c  2d e l e c t r o n i c  
gas i n  the  wavevector p lane  (k,,ky). The arrows 
f o r  and show the  poss ib l e  mixing of dege- 
n e r a t e  s t a t e s  (fromz1) 0 

This  i s  t h e  b a s i c  po in t  i n  o rde r  t o  understand t h e  phys ica l  

p r o p e r t i e s  from which we w i l l  examine t h e  d i f f e r e n t  pe r tu rba -  
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250 P. DELHAES 

tions : 

- intrachain electron-electron (U compared to tl,) 
- interchain transverse interactions (tL /tll ratio) 
- role of the counter-ion as an external periodic poten- 

tial with a mode equal to or different from 2kF 

Review of the physical properties 
The physical properties of TmTF salts have been reported 

in great detail 29,30,35 . A large number of studies has 
been devoted to the TMTSF salts, a recent review gives an 
exhaustive account 36. We will just select, therefore, some re- 
sults which are significant to understanding the main char- 

acteristics that we just emphasized. 

, IPmI Ln 

FIGURE 7 .  Temperature dependences of the electrical resis- 
tivity along the stacking axis (pll) for diffe- 
rent TMTTF salts ; in insert a detailed behavior 
of the resistivity of TMTTF,-CIO1, in the vicini- 
ty of the critical temperature, 75K, is shown. 
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DESIGN AND PROPERTIES OF ORGANIC METALS 25 1 

Transport properties : the d.c. electrical conductivity 

has been measured along the needle axis for most of the com- 

pounds (figure 7). The TMTTF salts present a broad maximum 

at relatively high temperature with a modest absolute room 

temperature value, except for the bromide; then they be- 

come insulating at lower temperature. Metal-insulator phase 

transitions are observed for the C104, SCN salts3'. 

At first sight the behavior of the TMTTF salts and TMTSF 

salts seems to be different with almost one order or magni- 

tude in the d.c. conductivity ratio at 295K. This difference 

can be explained by the electronic dimensionality of the 

two series. An experimental evidence has been given by the 

empirical relationship between the room temperature conducti- 

vity and the S.. .S or Se...Se shortest distances normalized 

to the Van der Waals value34 (figure 8a). 

When the transverse electronic interaction (t,) increases 

the absolute conductivity value grows and we are going from 

a Id diffuse to a coherent regime ( A  >/ a). In that case a 

two-dimensional Fermi surface must be considered (figure 6b). 

This last point is confirmed by the thermo-electric power 

measurements3'. 

This transverse coupling is also exhibited by the varia- 

tionofthe reduced EPR linewidths which increase following 

the same pattern. Actually there is no general theory for 

the electronic spin-lattice relaxation time in metals of re- 

duced dimensionality. Nevertheless it is currently admitted 

that in pure Id systems there is no relaxation process avai- 

lable but any transverse interaction allows inducing it; 

the spin lattice relaxation efficiency must grow with the ef- 

fective dimensionality, the observed line width is therefore 

a qualitative probe for transverse interactions (figure 8b) 29. 
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252 P. DELHAES 

1 1 
FIGURE 8. Relationships between the d.c. conductivity at 

room temperature (u" ) (a> and the reduced 
linewidths (AHiiorm. ?95Kversus the interstacks 
S . .  . S  or Se.. .8e 
zed to the Van der Waals values (b) 

closest distances normali- 

Finally these relationship allows us to understand why 
the TMTTP bromide is intermediate between the two series of 

salts. 

Static properties : 
The room temperature value of the paramagnetic susceptibi- 

lity is nearly independent of the counter-ion for the TMTTF- 

salts (x 5-6 emu (CGS mole-') and weakly temperature 
dependent above the possible phase transitions (see figure 
9)for the TMTTF,-PF6 salt which exhibits a magnetic phase 

transition at 15K. A comparison between the observed room 

temperature value and the calculated PAUL1 paramagnetism gi- 
ves a ratio about 3-429.  Using the BONNER-FISCHER model whe- 
re5 is the exchange energy as a limiting case for the HUBBARD 

P 

we evaluate that U = 8t,, : the electronic gas is 
strongly enough correlated, and we face a partial 
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DESIGN AND PROPERTIES OF ORGANIC METALS 253 

b 

x,.lO4 (emu CGS mok' 1 

TMTTF2 - P5j 

decoupling of the spin and the charge excitation with mostly 

SDW at 2k (see previous paragraph)". Besides, at low 
temperature cooperative magnetism (AF state) is observed on 

a few salts (Br and SCN)38. 

I: 

We give the anisotropy of the 

o c  
0 

0 

I 
O !  I 1 

2oo T ( K )  30 0 &:l5K 100 

FIGURE 9. Temperature dependences of the paramagnetic sus- 
ceptibility for the TMTTF,-PF+ salt.The parame- 
ters t,,U and 3 used to fit approximately the 
experimental curve above the phase transition 
at 1 5 K  are given 

magnetic susceptibility for different magnetic field strength 
on a TMTTP2-SCN single crystal with evidence of a magnetic 
phase transition at 7 K  (figure 

The terqerature dependences of the specific heat are pre- 
sented in figure 1 1  €or  three compounds. The behaviour of 
3F4 and C104 salts is rather similar, a sharp anomaly is 
clearly visible, respectively at 41K and 75K. However, the 
specific heat of the PF6 salt is decreasing monotonically in 
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254 P. DELHAES 

FIGUP! 10. Antiferronagnetic anisotropy (x ,-xal and 
(xb,-xc') of a single crystal oP TMTTF,-SCIJ 
for different values of the magnetic field at 
low temperatures. 

L I 

10 loo T ( K )  

FIGURE 1 1 .  Specific heats of BF4,C104 and PP, TKCTF salts 
in log-log plot . 
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DESIGN AND PROPERTIES OF ORGANIC METALS 255 

t he  whole temperature range without  any anomaly around 15L 

where the  magnetic phase t r a n s i t i o n  has been de tec t ed3 ' .  

An overview of these  r e s u l t s  shows t h a t  w e  observe i n  

TMTTF sa l t s  d i f f e r e n t  meta l - insu la tor  phase t r a n s i t i o n s .  As 

a l r eady  quoted these  compounds can be arranged i n  two groups 

according t o  t h e  symmetry of t he  involved an ions  : 

- low symmetrical anions:  an o rde r ing  process  of t h e s e  

an ions  t a k e s  p l ace  a t  low temperature  as shown by X-ray tech-  

n iques  which d e t e c t  s u p e r s t r u c t u r e  l i n e s 4 ' .  

s i ca l  order -d isorder  phase t r a n s i t i o n  as a l r eady  known i n  

inorganic  compounds4'. 

f o r  example on t h e  fol lowing s a l t s  BF4 (TOD=41K); 

C104 (TOD=75K) ; SCN(TOD=160K). 

Th i s  is  a c l a s -  

These phase t r a n s i t i o n s  are observed 

- centrosymmetric anions : t h i s  anion o rde r ing  cannot 

e x i s t  anynore,  we observe phase t r a n s i t i o n s  a t  lower tempe- 

r a t u r e s  which a r e  i n t r i n s i c  t o  the  e l e c t r o n i c  system. This  

i s  t h e  case  f o r  t he  PF6 (Tc=15K) and B r  (Tc:16-18iC) sa l t s .  

It t u r n s  o u t  t he re fo re  t h a t  t h e r e  i s  a compet i t ion  be t -  

ween the  two phase t r a n s i t i o n s  f o r  t h e  non-centrosymmetric 

sa l t s .  Ge observe i n  such compounds t h a t  TO$T, w i th  t h e  

absence of t h e  i n t r i n s i c  behaviour a s soc ia t ed  w i t h  t h e  TMTTF 

s t acks .  There i s  neve r the l e s s  one except ion  which is  t h e  SCY 

s a l t  i n  which two phase t r a n s i t i o n s  occur (TOD=160iC ; Tc=7K)38. 

A d i s t i n c t i v e  cha rac t e r  i s  a s soc ia t ed  wi th  t h i s  l a s t  compound 

t h a t  w e  w i l l  examine more c a r e f u l l y .  During t h e  same t i m e  a 

comparison wi th  the  TPiTSF sa l t s  w i l l  be use fu l  ( see  t a b l e  V). 

Low temperature  s u p e r s t r u c t u r e s  and ground s ta tes  

I t  i s  noteworthy t o  examine the  type o r  o rde r ing  t h a t  t he  

low symmetrical anions can undergo. A s  demonstrated by BOU- 

GET e t  a14', a p re fe r r ed  o r i e n t a t i o n  is observed a t  a given 

TDL with two p o s s i b i l i t i e s  e i t h e r  an a n t i p a r a l l e l  o r  a pa- 

r a l l e l  o rde r ing  a long  a given c r y s t a l l o g r a p h i c  2 i r e c t i o n  
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256 P. DELHAES 

(a,b or c). In a Id model an antiferro-type ordering along 
the stacking axis will double the unit cell and will open 

therefore a gap at the Fermi level (-=ZkF,see figure 5a). 
But the physical problem is tridimensional and eight structu- 

res can exist from pure antiferrotype (Za,Zb,Zc) to complete 
ferrotype (a,b,c).In the first case,we have a coupling of 
the electrons through the whole Fermi surface (see figure5b) 

and a doubling of the low temperature unit-cell. 
Three cases are considered (table V): -centrosymetric 

anions : we observe an intrinsic phase transition at low tem- 
perature (Tc>20K).For the PF6 salt a periodic lattice distor- 
tion is detected with an insulating state which could present 

a magnetic character3' y42. For the bromide an itinerant anti- 
ferromagnetic state is characterized as already found for 

TMTSF,-MX6 salts4 3 .  

disorder phase transition of complete A.F. type. An insula- 
ting non magnetic ground state is obtained at T<TOD. - non 
centrosymmetric anions with a different ordered phase. For 
TMTTF,-SCN the superstructure formation at 160K does not 
open a gap in the magnetic excitations and a second phase 

transition towards an AF state occurs at 7K3'. 

II 
a 

- non centrosymmetric anions with order- 

TlllIF/TiflSF SALTS PHISE TRANSITIONS LOU T GROUND STLTES 

SUPERSTRUCTURES 

1 1  CENTRU SYWETRIC A N I W S  .__________-..-----.--- 
lEITTFI-PF6 Tc - 1 5 Y  l r p l  (301 PLD AT 2KF 1 4 0 1  IIISULATIRG PEILRLS 

STATE 

TMTTF,- BR Tc - 18-15K I.;>. MR) A.F. STATE 

L . F .  STATE 

( M ) ( I S I l 4 2 )  

Tc = 15K C,xp I MPI 
( 3 1 ~ 1 3 6 l 1 4 3 1  

I I l T S F  - 10( 
2 6  
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DESIGN AND PROPERTIES OF ORGANIC METALS 251 

For the TMTSF,-ClOt, a similar situation is observed with 

two successive phase transitions the lowest one giving rise 
to a superconductive state. Indeed the situation is rather 
complex because of the presence of peculiar kinetics pro- 
blem~~’. 

The order-disorder transition does not exclude the in- 
trinsic instability but rather controls the nature of the 

ground state.It appears therefore as the most interesting 

case to investigate. 

A perusal of the literature is not carried out present- 
ly ; we want to mention that the origin of the ordering pro- 
cess, the displacive character and the kinetics of these 

transitions are not well understood yet. The investigations 

under hydrostatic pressure are very powerful36 and the role 
of doping shows clearly the competition between the diffe- 

rent possible ground states5 O .  

To conclude this part we have tried an anthropomorphic 
approach based on the crystallographic structures (see f i- 

gure 5 ) .  

These salts present two commensurate sublattices with : 

- a non-regular stacking of TMTTF. We arein the presence of 
a 112 filled electronic band with strong enough intrachain 
electron-electron correlations and electronic transverse 
interactions ( S  or Se contacts) we want to strengthen 

- an anion encaged by the methyl groups ; the nature of 
the interactions with the surroundings are not well under- 
stood (different low temperature superstructures) 

We have plotted the dimerization parameter versus the 
normalized transverse interactions in figure 12.  This dia- 
gram shows that to stabilize a ground state without lat- 

tice distortion, it appears likely to have a weak dimerization 

and a more 2d electronic system. This qualitative approach is 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
49

 2
1 

Fe
br

ua
ry

 2
01

3 



25 8 P. DELHAES 

O TMTTF2-X' 
TMTSF2-X' 

01 I I 

0,95 1 
dvcw 

FIGURE 12.  Pseudo phase diagram where the dimerization 
parameter is plotted against the effective 
electronic dimensionality for salts which be- 
long to the first and the third groups (la- 
belled with an asterisk for the second one) 
in the classification presented in table V. 

confirmed theoretically by EMERY BRUINSMA and BARISICS1 as 

developped by COULON using a phenomenological model3 5. 

CONCLUSION 
In the last part we have described the structural and physi- 
cal properties of TMTTF and TMTSP radical-cation salts. They 

constitute the first series of organic metals where a coope- 

rative ground state (AF,SC) has been stabilized at low tem- 
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DESIGN AND PROPERTIES OF ORGANIC METALS 259 

perature. We have analyzed their specific features in order 
to understand how to promote new compounds with these desi- 
red properties occuring at higher temperatures. The funda- 

mental problem that we have pointed out during the two first 
sections is how to correlate the molecular characteristics 
with the solid state properties. We have seen that a pros- 

pective view is rather difficult to handle ; nevertheless 

the experience gained during the investigations on the TTF- 
TCNQ series13 appears to be fruitful. 
vatives which have been synthesized and complexed with TCNQ 
are promising candidates to prepare new radical-cation salts. 

Some recent advances are significant, for example compounds 
based on bise thy lenedi thiolo te t rathiof ulval ene (BEDTTF) 2, 
trimethylene TTF (tTTP) and dimethyltrimethylene TTF(DMtTTF) 3 ,  

5 4  show 

series of organic metals. 

A number of TTF deri- 

that the TMTTF salts are the first terms of a new 

ACKNOWLEDGEMENTS 
The work presented in the last two parts has been done thanks 

to a close cooperation between Montpellier's and Bordeaux's 

groups. In particular the author wishes to thank C. COULON 
and S .  FLANDROIS for numerous stimulating discussions during 

these last years. 

REFERENCES 
1 . R.S. Mulliken and W.B. Pearson, Holecular complexes, 
2 . G. Soos, Annual review of physical chemistry, 25, 121 

3 . J.B. Torrance, Acc. Chem. Research, 12, 79 (1979) 
4 . M.R. Philphott,and A. arillante, MolTCryst. Liq. Cryst. 

5 . J.B. Torrance, B.A. Scott,and F.B. Kaufman, Sol. St. Corn. 

6 . J. Tanaka, M. Tanaka, T. Kawai, T. Takabe, and D. Maki, 

(Wiley Interscience, New York, 1969) 

(1  974) 
- 

50, 163 (1979) 

17, 1369 (1975) 

Bull. Chem. SOC. Japan, 49, 2358 (1976) 

- 

- 

- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
49

 2
1 

Fe
br

ua
ry

 2
01

3 



260 P. DELHAES 

7 . R.M. Metzger, in Crystal cohesion and conformational 
energies, Topics in Current Physics, 26, 80, springer 
Ed. 1951) 

8 . J.B. Torrance, A. Girlando, J.J. Mayerle, J.I. Crowley, 
V.Y. Lee, P. Batail, and S.J.Laplaca, Phys. Rev. Letters 
1747 (1981) 

(1 977) 

Mayer, G. Rihs, and J. Rivory, J. Chem. Phys.,2,1453 
(1980) 

9 . J.B. Torrance,and B.D. Silverman, Phys. Rev. B,15, - 758 

10 . P. Delhabs, C. Coulon, S .  Flandrois, B. Hilti, C.W. 

1 1  . D. Jerome, A. Mazaud, M. Ribault and I:. Bechgaard, 
J. Phys. (Paris) 41, L 95 (1980) 

12 . K. Bechgaard, K. Carneiro, M. Olsen, F.B. Rasmussen,and 
C.S. Jaiobsen, Phys. Rev.-Letters,46, 856 (1981) 

L. Giral. J. de Chimie Physique. 79, 299 (1982) 
13 . P. Delhags, G. Keryer, J. Gaultier7J.M. Fabre, and 
14 . 
15 . 
16 . 
17 . 
18 . 
19 . 
20 . 

- -~ 
D.J. Sandman, Mol. Cryst. Liq. Cryst. 50, 235 (1979) 
R.C. Wheland, J. Am. Chem. Soc.,~, 3926 (1976) 
G. Saito and J.P. Ferraris, Bull. Chem. SOC. of Japan, 
- 53, 2141 (1930) 
J.B. Torrance, J.J. Mayerle, K. Bechgaard, B.D. Silver- 
mann,and Y. Tomkiewicz, Phys. Rev. B 22, 4960 (1980) 
1i.J. Perlstein, Angev. Chem. Int. Ed. Zgl. 16,519 (1977) 
F. Wudl, Pure and applied chem. ,z, 1051 (19a) 
P. Delhag;, The physics and chemistry of low dimensional 
solids p. 281 (L. Alcacer Editor, D. Reider publication 
1982) 

21 . T.D. Schultz, The Physics and chemistry of low dimensio- 
nal solids, p. 281 (L. Alcacer Editor , D. Reider pu- 
blication 1952)- 

22 . M. Weger, The Physics and chemistry of low dimensional 
solids, p.Al(L. Alcacer Editor, D. Reider publication 
1982) 

23 . R.A. Bari, J. of sol. St. Chem., 12, 383 (1975) 
24 . V.J. Emery, in Highly conducting Id solids p. 247 Ed. 

by T.J. Devreese, R.C. Evrard, V.E. Van Doren (Plenum 
Press 1979) 

25 . J.P. Pouget, Solid state phase transformations in metals 
and alloys, p. 523 (Editions de physique 1979) 

26 . J.W. Bray, L.V. Interrante, I.S. Jacobs, J.C. Bonner 
in Extended linear chain compounds, vo1.4 p .  (Ed. by 
J.J. Miller PLenum Press 1982) 

27 . F. Wudl, A.A. Kruger, M.L. Kaplan, R.S. Iiutton, J. of 

23 . G. Brun, B. sautard, S. Peytavin, I f .  Maurin, E. Tor- 
org. Chem., 42, 768 (1977) 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
49

 2
1 

Fe
br

ua
ry

 2
01

3 



DESIGN AND PROPERTIES OF ORGANIC METALS 26 1 

r e i l l e s ,  J.M. Fabre,  and L .  Giral ,  J .  de Physique (Pa- 
- r i s )  Co l l .  38 12-C7 , 266 (1977) 

29 . P.  Delhags, C.  Coulon, J. A m i e l l ,  S .  Flandro i s ,  E .  Tor- 
r e i l l e s ,  J . M .  Fabre and L.  Giral ,  Mol. Crys t .  and L i -  
quid c r y s t a l ,  50, 45 (1979) 

30 . C .  Coulon, P.  K l h a k s ,  S.  F l andro i s ,  R.  Lagnier ,  E.Son- 
j o u r ,  and J . M .  Fabre,  J .  de Physique ( P a r i s )  - 43, 1059 
( 1982) 

sen  and N. Thorup, Sol .  S t .  Comm.,g, 1119 (1980) 
31 . K. Bechgaard, C.S. Jacobsen,  K. Mortensen, H . J .  Peder- 

32 . K. Bechgaard, Mol. Crys t .  and Liq .  C r y s t . , E ,  1 (1982) 
33 . B. L iau ta rd ,  S. Peytavin,  G. Brun and M.  Maurin, J .  de 

34 . S. Flandro i s ,  C .  Z u l o n ,  P. Delhags,  D .  Chasseau, C .  
physique (Pa r i s )  43,  1453 (1982) 

Hauw, J. Gau l t i e r ,  J.M. Fabre,  and L .  G i ra l ,  Mol. Crys t .  
and Liq .  Cryst.,?, 663 (1982) 

35 . C .  Coulon, Ph. D.  Thes is ,  Un ive r s i ty  of Bordeaux I (1982) 
36 . D .  Jerome and H. Schu l t z ,  Adv. i n  Phys ics ,  31,  299 (1982) 
37 . K .  Mortensen, ( P r i v a t e  communication) 
38 . S.Flandro is ,  K.  Maaroufi ,  C. Coulon, P. DelhaBs, and 

J . P .  Plorand, ( t o  be publ ished)  
39 . C .  Coulon, K. Maaroufi ,  J .  A m i e l l ,  E .  Dupart ,  S .  Flan- 

d r o i s ,  P. EelhaBs, R .  Moret, J .P .  Pouget,  and J .P .  Mo- 
rand,  Phys. Rev. B 26 (1932) 

40 . J .P .  Pouget, R. M o r z ,  R. Comes, K-Bechgaard, J . M .  Fa- 
b r e ,  and L.  Giral ,  Mol. Crys t .  and Liq.  Crys t .  
129 (1932) 

(Clarendon Press Oxford, 1978) 

be publ ished)  

- 

, ?, 
41 . N.G.  Parsonage, N.A.K.  S t ave ley ,  Disorder  i n  c r y s t a l s  

42 . F. Creuzet ,  T .  Takahashi,  D. Jerome, and J . M .  Fabre ( t o  

43 . K .  Mortensen, Y .  Tomkiewicz, K.  Bechgaard, Phys. Rev.B 

44 . C.S. Jacobsen,  H . J .  Pedersen, K.  Mortensen, C .  R indorf ,  
25, 3329 (1932) - 

N .  Thorup, J . B .  Torrance and K. Bechgaard, J.  of Phys ics  
c (1982) ( t o  appear) 

45 . S.S.P. Parkin , F. Creuze t ,  D .  Jerome, J.K. Fabre,  K. 

46 . D.U.  Gurbser,  W.W. F u l l e r ,  T.O.Poehler, J.  Stokes,  I3.D. 
Bechgaard, t o  be publ ished 

Cowan, Pl..Lee,and A.N. Bloch, Mol. Crys t .  and L iq . 'C rys t .  
- 79 , 295 (1982) 

b r e  e t  L. Giral ,  J. Phys. P a r i s  ( L e t t r e  42) L 543 (1982) 

J. de Physique ( P a r i s ) ( t o  be publ i shed)  

L e t t e r s ,  - 49, 1346 (1982) 

47 . J . P .  Pouget, R. 14oret, R. Comes, K .  Bechgaard, J . M .  Fa- 

48 . J . P .  Pouget,  G.  Sh i rane ,  K. Bechgaard, and J . M .  Fabre ,  

49 . P.  Garoche, R .  B r u s e t t i ,  and K. Bechgaard, Phys. Rev. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
49

 2
1 

Fe
br

ua
ry

 2
01

3 



P. DELHAES 262 

50 . c. Coulon, P. DelhaBs, J .  Amiell, J . P .  Manceau, J.M. 

51 . V.J. Emery, R.  Bruinsma, and S .  B a r i s i c ,  Phys. Rev. 

52 . G. S a i t o ,  T .  Enoki,  K. Toriumi and H. Inokuchi ,  Sol .  

53 . J . M .  Fabre,  G.  Gala ine ,  L .  Giral ,  D .  Chasseau, C.  Cou- 

Fabre,  and L. Giral ,  J .  de Phys. ( P a r i s )  43,1721 (1982) 

Letters 4 8 ,  1039 (1982) 

S t .  Corn. 4 2 ,  557 (1982) 

lon ,  S. Flandro i s ,  P. DelhaBs, 6 t h  ICCOSS, Fre iburg ,  
Oct . 1982 ( t o  be publ ished)  

( t o  appear i n  Chemical communications) 
54 . J . M .  Fabre,  L. G i ra l ,  E. Dupart ,  C. Coulon, P .  Delhaks,  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
49

 2
1 

Fe
br

ua
ry

 2
01

3 


