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SLILPHUFMXNTAINING DONORS AND LIGANDS FOR MOLECULAR 
CONDUCI'ORS 

ALLAN E UNDERHILL, R ANDROW CLAWK and K SCJKOMAR VARMA 
Department of Chemistry, University College of North 
Wales, Bangor, Gwynedd LL57 2 W  

-___ Abstract 
conductors based on metal complexes of the sulphur- 
containing donor ligands mnt and d m i t  are described. 

The structures and properties of molecular 

The first synthetic organic metal, TTP-TCNQ, w a s  reported 

i n  1973 b u t  molecular metals based on transition metal 

complexes, such as K ~ C P ~ ( ~ ) ~ ] B ~ O . ~ . ~ . ~ H Z O  (KCP), were 

first prepared i n  the early 1800's although their metallic 

properties were not s t u d i e d  u n t i l  the late 1960 * 8 .  1t 

Molecular metals of the K C P  type depend for their metallic 

properties on the close approach of the central metal atoms 

to  allow effective overlap of the metal's d orbitals. 

Indeed i t  has been found that t h i s  type of molecular metal 

can only be formed w i t h  the t h i r d  row transition metals 

which possess the relatively large 5d orbitals. I n  these 

compounds metal-metal distances of less than 3 A are 

necessary t o  allow sufficient overlap of the orbitals to 

give metallic p r ~ p e r t i e s . ~  This is i n  contrast to  Tl'F-TCNQ 

and related organic metals where metallic properties are 

observed w i t h  the  closest inter-atomic contact between the 
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I12 A. E. UNDERHILL ef a/. 

sulphur atoms of a b o u t  3.7 A.  

It w a s  realised that the restriction of molecular 

metals baeed on  metal complexes to those containing t h i r d  

row elements and w i t h  intermolecular distances of less than 

3 A Beverly limited the empe for the preparation of new 

materials. Thus  the search for new compounds was widened 

i n  two directions. One way was to  prepare metal complexes 

of large macrocyclic ligands such  a6 metallo- porphorins . 
The other way w a s  to  s tudy  metal complexes of ligands that 

had structural similarities to the organic donors that were 

known to form molecular metals. It is t h i s  la t ter  class of 

compounds that w i l l  be discussed. 

METAL COMPLEXES OF 1,2-DICYANOE!PfIYLENE-l,2-DITRIOL ( m n t )  

There is a marked molecular structural s imilar i ty  between 

TIT and metal complexes of m n t  a6 shown below1 

TPF 
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DONORS AND LIGANDS FOR MOLECULAR CONDUCTORS I I3  

T r a n s i t i o n  metal complexes of 1, P d i c y a n o e t h y l e n e - 1  , 2- 

d i t h i o l  ( m a l e o n i t r i l e ,  mnt ), have received special s t u d y  

s i n c e  t h i s  l i g a n d  can stabilise t r a n s i t i o n  metals i n  a 

variety of o x i d a t i o n  etatee and t h e  high e l e c t r o n  a f f i n i t y  

of t he  t e n n l n a l  cyanide groupe aids the d e l o c a l i s a t l o n  of 

charge w i t h i n  the  complex, t h u s  r e d u c i n g  p o t e n t i a l  

coulombhc r e p u l s i o n s .  

I n  a n  attempt to  maximise i n t e r a c t i o n s  between t h e  

metal d i t h i o l e n e  a n i o n s  U n d e r h i l l  and Ahmad s t u d i e d  t h e  

lithium salt  of the [Pt (  SpC2( CN)2 )2]  c a t i o n .  Slow aerial 

o x i d a t i o n  of a 50% aqueous a c e t o n e  s o l u t i o n  of H 2  

[Pt(  S&( CN)z )2 and L i C l  yielded small s h i n i n g  black 

n e e d l e s  and black platelets. +Probe dc conduct ion  

s t u d i e s  on the needle  shaped crystals showed the  room 

tempera ture  c o n d u c t i v i t y  a l o n g  t h e  n e e d l e  axis to  be 

-100 C I I I - ~ . ~  The n e e d l e  shaped crystals were the c a t i o n  

d e f i c i e n t  compound (H30)0,33Lioa8[Pt(  S2C2(CN)2)23 ‘ 1 . 6 7 H 2 0  

( L I P t (  mnt ) ). X-Ray S t u d i e s  show that t h e  r o o m  t e m p e r a t u r e  

s t r u c t u r e  ( F i g u r e  1 )  of L i P t ( m n t )  c o n s i s t s  of e q u i d i s t a n t  

stacks of n e a r l y  eclipsed [ ( P t ( m n t ) p ]  a n i o n s  a l o n g  the 

- c-axis, w i t h  c - 3.639 A.6  The u n i t  cel l  is t r i c l i n i c  and 

the stacks fonn sheete a l o n g  P_ separated a l o n g  a_ b y  Li+  and 

H 2 0  ( F i g u r e  1). 
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I14 A. E. UNDERHILL ef ul. 

FIGURE 1 The c axis pro jec t ion  of t h e  Cryeta1 
s t r u c t u r e  of ~ i o , 7 5 [ ~ t (  mnt 121 a 2 ~ 2 0 . 6  

There are short s u l p h u r  c o n t a c t s  between the cha ins  wi th in  

the sheets as w e l l  as with in  the cha in ,  sugges t ing  a 

r e l a t i v e l y  t w o  dimensional network. Although the compound 

is c a t i o n  d e f i c i e n t ,  the long Pt-Pt i n t e r c h a i n  sepa ra t ion  

shows t h a t  the bonding wi th in  t h e  cha in  cannot  be of t h e  

simple metal orbital  ove r l ap  type  found for KCP. The h igh  

conduct iv i ty  must  t h e r e f o r e  r e s u l t  from i n t e r a c t i o n  of t h e  

whole anion i n  the cha in  d i r e c t i o n .  The temperature  
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DONORS A N D  LICANDS FOR MOLECULAR CONDUCTORS I I5 

dependence of uM for f r e s h l y  prepared crystals s l o w l y  

increase6  wi th  decreas ing  temperature wi th  u,, p a s s i n g  

through a maximum at about 250 K (F igure  2 ) .  

0 .  

0 .  

0 

L . 
0 

L 
0 

0 . . 
A 0  . 

0 

0 
300 200 100 

T / K  

FIGURE 2 Variat ion of c o n d u c t i v i t y  w i t h  temperature 
for crystals of Lioa75[Pt (mnt )2 ]  '2ii20: 
( 0 )  freshly cropped! ( 0 )  crystals s t o r e d  
at 75% relative humidity)  ( v )  stored at 
ambient humidity for 14 ~ 2 . ~  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
3
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



I I6 A. E. UNDERHILL er a/. 

The c o n d u c t i v i t y  falls to  its room t e m p e r a t u r e  v a l u e  a t  

about  200 K and t h e n  fa l l s  rapidly w i t h  d e c r e a s i n g  

tempera ture .  B e l o w  100 K t he  b e h a v i o u r  is tha t  of a 

semiconductor  w i t h  a c t i v a t i o n  e n e r g y  of a b o u t  34 mev. 

The change over i n  the c o n d u c t i v i t y  b e h a v i o u r  from that  

of a metal to  that of a semiconductor  w i t h  d e c r e a s i n g  

tempera ture  is common i n  t h i s  class of compound. It is a 

r e s u l t  of the pseudo o n e d i m e n s i o n a l  n a t u r e  of t h e  

i n t e r a c t i o n s  which lead t o  the metallic properties. From 

the s t r u c t u r e  of the compound the  p r i n c i p a l  i n t e r a c t i o n s  

which give rise to  i n t e r m o l e c u l a r  o v e r l a p  are the 

i n t e r m o l e c u l a r  su lphur-su lphur  c o n t a c t s  i n  the stack 

d i r e c t i o n .  There are also w e a k e r  c o n t a c t s  between 

molecules  i n  a d j a c e n t  stacks a l o n g  9 .  The metal to 

semiconductor t r a n s i t i o n  is a m a n i f e s t a t i o n  of the  Peierls 

i n s t a b i l i t y  of a one-ciimensional metal. 7 One-dimensional 

metals are i n h e r e n t l y  u n s t a b l e  to a periodic lattice 

d i s t o r t i o n  which ha6 the effect of s p l i t t i n g  the p a r t i a l l y  

f i l l e d  band of a m e t a l  to  give filled and empty bands 

characteristic of a semiconductor .  That t h i s  o c c u r s  i n  

t h i s  compound has  been  confirmed b y  crystallographic 

s t u d i e s  which have ehown a s u p e r s t r u c t u r e  below T, = 215 K 

w h i c h  is preceeded by one-dimensional  d i f f u s e  s c a t t e r i n g  

typical of a Peierls t r a n s i t i o n ,  The p o s i t i o n  of the 

d i f f u s e  l i n e  a long  c i n d i c a t e s  that the e x t e n t  of band 
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DONORS AND LIGANDS FOR MOLECULAR CONDUCTORS 117 

f i l l i n g  ie 0.41 or 0 .59 .  studiee have shown that the  

thempower above Tc ie approximately constant and poeitive 

implying hole characteristic6 for the carriers i n  the  

metallic region and therefore, the extent of band f i l l i n g  

i8 0.59. Below Tc the thennopower reflect8 the i n t r i n a i c  

properties of the charge density wave eemiconductor 

The metal t o  eemiconductor deecribed above ie due to  

the one-dimensionality of the material. To eupprees the  

transition it i e  neceseary t o  increase the interactions 

between the conducting stacks of metal complex anion. 

This  can be achieved by submi t t ing  the material to high 

pressure. A recent example of t h i s  effect ie the etudy on 

C80.82 [Pd( mnt )2]  '0.5H20. The crystal etructure of 

Cso.e2[Pd(Mt)2] '0.sR20 i B  ahom i n  Figure 3 and 18 quite 

different from any etructure previously reported for a 

[M( m n t  )2 3- monoanion salts .  The structure contain6 

[Pd(1nnt)2]2~-  dimere i n  an eclipsed configuration wi th  

intradimer Pd-Pd dietance of 3.329(5) A. The dFmers are 

arranged such that there are short Y-5 contact6 between 

dimere i n  both the c and a diratione, This givee r i m  to 

a 2D sheet etructure i n  the ac plane, the sheets b e i n g  

separated i n  the b direction by the caeeium ions and watar 

moleculee. 
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I18 A. E. UNDERHILL 6'1 a/. 

FIGURE 3 The crystal structure of 
CSo. 82[Pd( m t  )2] '0,5820. 

The electrical conductivity is =5 cm-l at room 

temperature and the conductivity is activated below room 

temperature.1° Thus the compound does not behave as a 

true metal even at room temperature. However under 

increasing pressure (see Figure 4) the value of the rooin 

temperature conductivity rises and the temperature 

dependence of the conductivity becomes that of a metal, le 

rising with decreasing temperature. 
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DONORS AND LIGANDS FOR MOLECULAR CONDUCTORS I19 

I I \ 
D 1 3 

FIGURE 4 Temperature  dependence of the  c o n d u c t i v i t y  
at  v a r i o u s  p r e s s u r e s  of 
Cso, 82 [ Pd( mnt )2 ] 0 , f j H ~ O .  I n s e t  shows t h e  
p r e s s u r e  dependence of t h e  c o n d u c t i v i t y  a t  
r o o m  t empera tu re .  11 

A t  r e l a t i v e l y  low p r e s s u r e s  there is a metal to 

semiconductor  t r a n s i t i o n  at low t e m p e r a t u r e s  b u t  a t  the 

highest p r e s s u r e  s t u d i e d ,  21.3 mar, the b e h a v i o u r  w w  that 

of a m e t a l  d m  t o  1.3 ~ . l l  

The a l t e r n a t i v e  way to  s u p p r e s s  the  Peierls i n s t a b i l i t y  

is to  i n c r e a s e  the  number of e u l p h u r  atom i n  the molecu le  

and t h u s  i n c r e a s e  the possibilities of i n t e r m o l e c u l a r  

su lphur - su lphur  c o n t a c t s .  This is e x e m p l i f i e d  b e l o w  w i t h  
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I20 

respect t o  the o rgan ic  donor BEDT-TI'F and the related 

l igand hit. 

A. E. UNDERHILL et a / .  

There is cons iderable  s t r u c t u r a l  similarity between the 

organic  donor'BEDT-TPF and the  metal complexes of hit. 

Since the discovery that salts of BEDT-TPP w i t h  l i n e a r  

triatomic anions such a6 (BEDT-TTP)2I3 w e r e  super- 

conduotors a t  low temperatures  there has been great 

i n t e r e s t  i n  s tudying the effect of s t r u c t u r a l  modi f ica t ion  

of the donor on the s t r u c t u r e s  and properties of the 

salts.12 "his has been extended t o  inc lude  the metal 

complexee of d m i t  particularly after the d iacovery  by 

Caesoux and coworkers t h a t  l'rF[NI( d m l t  )2]2 remained 

metallic down to  very  low temperatures  and became a 

superconductor at  T~ - 1.62  K at 7 kbar.13 

AE w a s  demonstrated w i t h  w i t h  the salts of [ ~ ( m n t ) 2 ] X -  

w i t h  closed she11 c a t i o n s ,  the size of the c a t i o n  can  be 
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DONORS AND LIGANDS FOR MOLECULAR CONDUCTORS 121 

crucial in allowing interanion interactions. Thus we are 

making a study of the salts of [M(dmit)2IX- with the Group 

1 cations. Of the compounds studied so fax Cs[Pd(dmit)2]2 

is the most interesting. l4 

cs[Pd(dmit)2]2 is obtained as black plate6 by electro- 

cryatallisation and exhibits a room temperature 

conductivity of =200 S can-l. Figure 5 showa the 

temperature dependence of the conductivity of a single 

crystal measured along the longest edge of the crystal. 

It can be seen that the conductivity rises slowly with 

decreaeihg temperature to a maximum value at about 70 K. 

The conductivity then falls slowly until about 40 K when 

the conductivity falls very rapidly with decreasing 

temperature. 

h<.,.,,, 

J 

YIG(IRE 5 The temperature dependence of the 
conductivity of ce[Pd(dmit )2]2 I 
cooling cycler 0, warming cycle. 
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I22 

The crystal s t r u c t u r e  of C s [ P c l ( h i t ) 2 ] 2  a t  room t e m p e r a t u r e  

has been determined and F i g u r e  6 s h o w s  the s t r u c t u r e  viewed 

a l o n g  the b axis.15 I t  can  be s e e n  that the  a n i o n  dimers 

form a columnar stack s t r u c t u r e  a l o n g  a. 

A. E. UNDERHILL ei al. 

1 

, 

FIGURE 6 The s t r u c t u r e  of Cs[Pd(dmit)2]z  viewed 
a l o n g  the -8 .  l5 

Within the dimers the a n i o n s  are arranged i n  a n  eclipsed 

c o n f i g u r a t i o n  w i t h  a short i n t r a - d i m e r  s e p a r a t i o n  of 

3.210 A. The dimers are a r r a n g e d  i n  a slipped 

c o n f i g u r a t i o n  to  form a columnar stacked s t r u c t u r e  w i t h  an  

i n t e r - d i m e r  s e p a r a t i o n  of 3.850 A. 

The columnar stacks of a n i o n s  form a two-dimensional  

sheet s t r u c t u r e  i n  the ab p l a n e .  These sheets of a n i o n s  

are separated a l o n g  c by the CB+ c a t i o n s .  C a l c u l a t e d  

o v e r l a p  i n t e g r a l s  i n d i c a t e  t h a t  t h e  predominant  I n t e r a c t i o n  

is between the a n i o n s  w i t h i n  the dimer and w i t h  the  n e x t  

l a r g e s t  i n t e r a c t i o n  o c c u r r i n g  between dimers w i t h i n  the 
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DONORS AND LIGANDS FOR MOLECULAR CONDUCTORS 123 

column. There are also significant interactions between 

anions i n  adjacent columns. 

METAL CoMeLExEs OF SODIUM S,C-DIHYDRO-S-PHENYL-2,3- 
DITHIOLATE (dpdt ) 

The new organic donor BPhEDT-TPF has recently been 

aynthesised and some of its radical cation salts 

prepared. 16 

BphEDT-TlT 

Treatment of the thione (1) w i t h  NaOEt i n  EtOH followed 

by addition of ether yields the new dithiolate ligand as 

the sodium sal t .  Treatment w i t h  N i C l Z  i n  MeOH followed by 

addition of TBABr gave the complex ( 2 ) .  Further studies on 

t h i s  series of complexes are i n  progress. 
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124 A. E. UNDERHILL er a/. 

GENERAL DISCUSSION 

The metal complexee of sulphur donor ligands are a valuable 

addition to  the range of molecules that can be used to  form 

molecular conductors, metals or s u p e r -  conductors. The 

structures and properties of the materials can be 

controlled and are strongly dependent upon three factors. 

(a) The size of the cation. Small  cations such ?m those 

of Group One, allow the close approach of the anions to  

form extended arrays and thue allow cooperative phenomena 

to be observed. Large bulky cations, such M BUN 
prevent these interactions occurring. Indeed subtle 

Change6 i n  cation size can sometimes produce large 

differences i n  properties. 

( b )  'me nature of the central metal. Because the Horn i n  

the metal complex anion possesses considerable metal 

orbital character the central metal can exert a large 

influence on the solid state properties of the materials. 
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DONORS AND LIGANDS FOR MOLECULAR CONDUCTORS I25 

This i n f luence  is w e l l  exemplified by the series [M(mnt)pJ- 

(where Bf is Ni, Pd or P t ) .  The n i c k e l  complexes w i t h  the 

smaller c a t i o n s  poseess an equidistant stack s t r u c t u r e  and 

the properties of an Heisenberg an t i f e r romagne t i c  cha in .  

A t  lower temperature  sp in-  lattice coupl ing  causes  

d imer i sa t ion  of the cha in  and s i n g l e t - t r i p l e t  magnet ic  

properties. 17 

All the  plat inum compound6 would appear t o  exist w i t h  

dimerised an ions  at room t empera ture  and w i t h  a large 

energy sepa ra t ion  of the s i n g l e t  and t r iplet  states l e a d i n g  

t o  a diamagnet ic  ground state a t  room temperature .  

The [Pd( S&( crC)2 )2 1- series of compounds display q u i t e  

d i f f e r e n t  behaviour  . The s t r u c t u r e  of t h e  Cs+ salt is 

unique and r e v e a l s  s t r o n g  S....S i n t e r a c t i o n s  w i t h i n  shee t s  

of an ions  separated by the Cs+ and w a t e r  molecules .  The 

compound behaves a8 a semi-metal or small band gap 

semiconductor at room temperature  and atmospheric  p r e s s u r e  

w i t h  a t r a n s i t i o n  t o  a w i d e  band gap semiconductor a t  lower 

temperatures .  However, a6 d i s C U s s e d  earlier, under  high 

p r e s s u r e  it is converted to  a metal. 

( c )  The na tu re  of the l igand .  A6 stated earlier the 

p r i n c i p a l  i n t e r - an ion ic  c o n t a c t s  are v i a  the su lphur  atoms 

of the l lgands .  Therefore these i n t e r a c t i o n s  are going to 

be very  dependent on the number of su lphur  atom6 on the 

ligand. The more extensive-sulphur  r i n g  system of dmit  
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compared w i t h  mnt w i l l  facilitate s t r o n g e r  i n t e r - a n i o n  

i n t e r a c t i o n .  This is shown i n  the comparison of the  

pal ladium salts of these ligands w i t h  CB+ a8 the coun te r  

c a t i o n .  Cs[Pd(dmlt)2]2 behaves as a meta l  a t  atmospheric  

p r e s s u r e  down to 70 K where- CBO. 82 [Pa( mnt )2 3 0 . 5 H 2 0  o n l y  

becomes metallic under p re s su re .  

Complexes con ta in ing  metal an ions  of su lphur  donor 

l i gands  can therefore g i v e  rise to  new materials w i t h  h igh  

electrical conduc t iv i ty .  I n  the f u t u r e ,  v a r i a t i o n  of the 

ca t ion ,  c e n t r a l  metal, and the n a t u r e  of the l igand  may 

allow the  properties of the material to be v a r i e d  i n  a 

systematic way. 

We would like to  thank the S E X  for s tuden t sh ipe  ( t o  RAC) 

and for eupport and Johneon Matthey 6 Co PIC for t h e  loan 
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