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Universitetsparken 5 ,  DK 2100 Copenhagen, Denmark. 
K .  mR"SEN, 
Physics Department, Rise National Laboratory, DK 4000 
Roski lde , Denmark. 

Abstract Further work on the chemical composition of the one- 
dimensional metallic metal dithiolene complex Li-Pt(mnt) is 
reported. The electrical conduction and thempower 
properties of the nickel and palladium complexes are reported 
and compared with those of the platinum compound. 

Within the field of synthetic metals and superconductors there is 

a constant search for new materials that display novel properties 

or whose properties can be used to test theoretical models of 

these syteme. The discovery, a few years ago, of a new type of 

one-dimensional metal, the lithium salt of [Pt(mnt)2In-, 

Li-Pt(mnt ), (where mnt = 2 dicyanobut-2-ene dithiolate, C@ZS~~-) 

has prompted extensive work on this class of c~rnpound.~-~ 

Following initial reports of the preparation,l electrical 

conduction2 and crystal structure at room temperature3 a detailed 

study of the physical properties4 and the Peierls structure5 of 

this compound have been made. We now report further work on this 

class of compound. 

CHEMICAL COMPOSITION OF Li-Pt(mnt) 

The 1-D conductor Li-Pt(mnt) is prepared by the following route. 
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370 A.  E. UNDERHILL ef nl. 

A s o l u t i o n  of (EtqN)2[Pt(rnnt)2] ,  i n  70% acetone/water  is passed 

down a pro tona ted  i o n  exchange r e s i n  column (Dowex 2OW-50) and an 

excess of L i C l  is  added t o  the e l u t e d  s o l u t i o n .  Slow aerial 

o x i d a t i o n  and evapora t ion  of the s o l u t i o n  o v e r  several weeks 

yields a black solid. 

crystals of Li-Pt(mnt) and mall black platelets. The small 

black platelets have been shown to  be Lio.5[Pt(rnnt)2]*2H20 

( P-Li-Pt( mnt ) ) .  

This s o l i d  consists of s m a l l  n e e d l e  shaped 

I n i t i a l  a n a l y s i s  of Li-Pt(mnt) showed that the l i t h i u m  

c o n t e n t  waa about  1% and th i s  t o g e t h e r  w i t h  analysis for P t ,  C, N 

and H suggested an empirical formula of L i 0 . 8 [ P t ( r n n t ) 2 ] 2 H 2 0 . ~  

S t r u c t u r a l  s t u d i e s  suppor ted  t h i s  by showing partial  occupat ion  of 

the L i t  s i tes and i n d i c a t i n g  a P e i e r l s  d i s t o r t i o n  at l o w  

tempera tures  w i t h  2kp = 0.82 o r  1 . 1 a a 5  
Recent s t u d i e s ,  however, i n d i c a t e d  a positive v a l u e  of the 

thennopower above Tc s u g g e s t i n g  a g r e a t e r  t h a n  h a l f - f i l l e d  

band.4 

an average  charge of -1.18 on the [Pt(mnt)2]  a n i o n s .  This 

c l e a r l y  r e q u i r e s  the preaence  of other cationa i n  a d d i t i o n  to the 

l i th ium i o n s  found by  chemical a n a l y s i s .  Prev ious  s t u d i e s  on 

p a r t i a l l y  oxidised t e t r a c y a n o p l a t i n a t e  salts grown from acidic 

s o l u t i o n s  have shown that H3O+ i o n s  can be i n c o r p o r a t e d  i n  the 

lattice i n  a d d i t i o n  to, or i n  place of ,  monovalent metal 

c a t i o n s  .7 

therefore undertaken.  

This would be i n  agreement w i t h  2kF = 1.18 and sugges ted  

F u r t h e r  chemical i n v e s t i g a t i o n  of Li-Pt( rnnt ) w a a  

Determinat ion of the charge on the [ P t ( n ~ n t ) ~ ]  anion 

Iodine  is known t o  o x i d i a e  the di-anion [P t (mnt) I2-  to  the mono 

anion ,  [Pt(mnt)2]- .  A weighed sample of Li-Pt(mnt) w a a  dissolved 

i n  w a t e r  and a known amount of aqueous 12 added. The excess I 2  

w a s  back t i trated w i t h  s t a n d a r d  Na2S203 u s i n g  modified starch as 

an i n d i c a t o r .  

anion i n  s o l u t i o n  of three separate samples w a s  found t o  be 1.15, 

The average  n e g a t i v e  charge  on t h e  [Pt(mnt)2]”- D
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CONDUCTING METAL DITHIOLATE COMPLEXES 37 I 

1.15 and 1.18. 

t h e  s t r u c t u r a l  s t u d i e s  and S U p p r t  the thennopawer r e s u l t a  i n  

ind ica t ing  a g r e a t e r  than half-filled band. The diecrew- 
between the va lues  derived f r o m  chemical analysis and fropl X-ray 

e x p r i m a n t s  is greater than experimental error and may a r i a e  fmm 

sampling probleme. 

have to be separated by hand and s l i g h t  contamination of 

Li-Pt(mnt) by Lio.gPt(mnt)2-2R20, poss ib ly  i n  the form of smal l  
particles on the su r face  of the needles,  would have the effect o f  
reducing the va lue  of the charge ca lcu la t ed  for the anion. 

Determination of the H*O+ content  

The KjO+ content  of the Li-Pt(mnt) crystals waa determined by 

d i s so lv ing  a weighed sample i n  water and t i t r a t i n g  the 

liberated w i t h  5 x 
ed-po in t .  
both shoved o . ~ E ~ o +  ion  per [ ~ t ( m n t ) 2 ]  anion. 

c, 8, N an8 Pt analyses, the charge determined for the ca t ion ,  the 

E3O+ content and the X-ray va lue  of 2 kpr o f  1.18 now present  a 
cons i s t en t  p i c t u r e  for the campoeition of Li-Pt(mnt)  and this  

oompound Should now be represented by the empirical formula 

These are close to the va lue  of 1.18 expected from 

The prepara t ion  y i e l d s  two compounds which 

M UaoB using a Pt electrode t o  detect the 

Resul t s  from two separate preparations of Li-Pt(mnt) 

The o r i g i n a l  L i ,  

LIO.~(H ~~)O.~~CP~(S~C$J~ )21*1.67H20. 

CC¶WARISCW OF THE PIWPERTIES OF LI,JM(mnt)r,1*2H70 (where M = N i ,  

Pd or P t l  

AB described earlier slow aerial oxida t ion  and evaporation of an 
acetone/water ao lu t ion  of Rz[Pt(mnt)2] i n  the presence of L i C l  

gave a mixture of needle shaped crystale of Li-Pt(mnt) and p l a t e  

shaped cryetals of Li0.~[Pt(mnt)2]*2820. Under s i m i l a r  conditione 

Ez[Ni(mnt)2) gave on one occaeion black needle shaped crystals b u t  

more genera l ly  a black microcrys ta l l ine  powder. 

conditions the corresponding palladium compound is not  oxidised 

because of the d i f f e rences  i n  the [M(mnt)2J2- - [M(mnt)2]- redox 

Under these 
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372 A. E. UNDERHILL et al. 

potentiale for the Pt ,  W and N i  W t e .  However, a black 

microczystalline product i e  obtained by electrocrystallieation of 

a solut ion of H2[W(mnt)2] in the preeence of LiCl or LiClO4. 

L l J N i ( E I n t  )rr1'2FbO (LI-Nl(mnt)) 

Preliminary X-ray 6tudlee8 have 8 h m  that the uni t  cell 
dFmeneione of Li-Ni(mnt) (orthorhaabic, a - 31.82; b - 11.658 c - 3.74 A )  are d i f f e r e n t  from thorn of LI-Pt(mnt)3 ( t r i c l i n i c ,  Pl ,  

a - 15.596(4)8 b - 6.410(3)8 c - 3.639(2) A8 a - 100.52(9); p - 90.75(5)) y - 96.28(6)0) bu t  unfortunately the cryetal quality 

w a a  too poor for a ccmplete s t r u c t u r e  deterraination. 

-4 1 
300 220 140 60 

-51. ' ' ' ' ' . -1 
IemperaturelK 1 OOOK/lemperature 

FIGURE 1 v a t l a t i o n  of electrical conductivity of 

Li-Pt(mt)  ( o o 0) and L i - N i ( m t )  ( 0 0 0)  w i t h  

temperature ( A )  and w i t h  lnveree temperature (6). 

The mca temperature conductivity of the crystale along the 

needle axis, urn - lo  s an-1, is an order of magnitude lower than 
that found for the QlatinUm c a a ~ ~ u n d .  Figure 1, ehawe that the 

variation of conductivity with temperature for t he  tro caqpounde 
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CONDUCTING METAL DITHIOLATE COMPLEXES 373 

is significantly different in two respects. The transition 

temperature for the metal to semiconductor transition clearly 

occurs at a much lower temperature in the nickel campound, and the 
transition is smeared over a wider temperature range. From the 

data it also appears that the activation energy for conduction in 
the semiconducting region may be less than that of the platinm 
salt but more data at lower temperatures are needed to confirm 

this. 

mmpared w i t h  the platinum conpound wuld euggest a mre 
onedimensional compound and account for the emearing of the 

transition by fluctuations. 

A amaller value for the barid gap and a reduced value of Tc 

150 

10U 

S/&vu-’ 

50 

C 

-5( 

\ . . . . . .  . ‘  

100 200 
I 
10 

temperature/ K 

FIGURE 2 

for L i - N i ( m t )  (single crystal, a), Li-Pd(mnt) (pellet; b) 

and Li-Pt(mt) (single cryetal, c). 

Variation of thennopower with temperature 

The variation of thermopawer with temperature is ehom in 

Figure 2. 

pvlrl) and is almost independent of temperature down to 190 K. 
In this respect it is very similar to the behaviour of Ll-Pt(mnt) 

The thennopower is positive at rooin temperature (+ 60 
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314 A E UNDERHILL el  ul 

except that the v a l u e  is  more p o s i t i v e  and hence,  aesuming the 

band f i l l i n g  is the same, i n d i c a t i n g  a narrower e l e c t r o n i c  band 

width. 

v a l u e  expected, ( k g / e ) l n 2  = 60 jNIC1, when the s p i n - e n t r o p y  
dominate6 the thempower. This arises when s t r o n g  o n - s i t e  

Coulomb r e p u l s i o n  c a u s e s  s e p a r a t i o n  of sp in-  and charge degrees of 

f r e e d o m  and the charge c o n t r i b u t i o n  t o  the thennopower vanish. 

E.g. *hie is the  caBe observed for q u a r t e r - f i l l e d  narrow band TCNQ 

conductors .  

are important i n  the n i c k e l  compound where- earlier s t u d i e s  

showed them n o t  to be s i g n i f i c a n t  i n  t h e  p l a t i n u m  compound.4 

lower tempera tures  the thennopower shows a very smeared t r a n s i t i o n  

in agreement w i t h  the c o n d u c t i v i t y  r e s u l t s .  

t empera ture  to  70 K t h e  thempower becomes i n c r e a s i n g l y  p o s i t i v e  

and there is no s i g n  of t h e  r e v e r s a l  of slope observed i n  t h e  

p l a t i m  compound and a s s i g n e d  to donor  defect states i n  t h e  gap .4  

I n  fact the v a l u e  of the thempower is close t o  that 

T h i s  may i n d i c a t e  that Coulomb c o r r e l a t i o n  e f f e c t s  

A t  

From r o o m  

Li,rPd(mnt )? I Z H ~ O  (Li-m(mnt 1 
The palladium salt haa been o b t a i n e d  o n l y  a6 a m i c r o c r y s t a l l i n e  
powder and physical measurements have therefore been  made on 

compressed pellets, 

The c o n d u c t i v i t y  of a pellet o f  Li-Pd(mnt) at r c p m  

tempera ture  (=l S cm-l) is comparable t o  those o b t a i n e d  on  pellets 

o f  Li-Pt(mnt). Pellet8 of the  p a l l a d i u m  compound also show 

evidence  o f  a metal t o  semiconductor  t r a n s i t i o n  w i t h  the 

s u g g e s t i o n  of a lower t r a n s i t i o n  t e m p e r a t u r e  and a lower 

a c t i v a t i o n  energy  t h a n  observed for Li-Pt(mnt) .  The thempower 

(see F i g u r e  2 ) ,  however, shows a more dramatic d i f f e r e n c e  between 

the two compounds. 

positive thempower (+  29 p W 1 )  at r o o m  t e m p e r a t u r e  which 

decreases s l o w l y  t o  +2 p W 1  at 10 K. 

to i n s u l a t o r  t r a n s i t i o n  and hence  the t h e n n o p o w e r  a u g g e s t e  

metallic behaviour  down t o  v e r y  low t e m p e r a t u r e s .  The s t r i k i n g  

d i f f e r e n c e  i n  the characteristics of the  c o n d u c t i v i t y  and of the 

The pal lad ium compound exhibits a small 

There is no s i g n  of a metal 
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CONDUCTING METAL DITHIOLATE COMPLEXES 315 

thennopower of the Pd compound may be a t t r i b u t e d  t o  g r a i n  boundary 
effects which w i l l  be reeietive for conduct iv i ty  meaeuremente but 

w i l l  no t  affect the thempower because zerw cur ren t  flows i n  th i s  

oeaeurement. S imi la r  r e s u l t 8  have been observed for other 

one4imens iona l  conductors. 10 

DISCUSSION 

Recent extended Ruckel M1 c a l c u l a t i o n s  a n  L i -P t (mt )  have 

confirmed that in t r ae t ack  over lap  is predominantly aasociated w i t h  

the ligands and p a r t i c u l a r l y  the su lphur   orbital^.^ 
c e n t r a l  metal d, and dye orbitals p lay  an important role in 
de loca l i s inq  charge across the whole anion. L i t t l e  has shown 

that, becauee of the relative energ iee  of the atomic orbitale, 

Pd-S overlap w i l l  be s t ronge r  than  either Ni-S or Pt-S.ll 

r e s u l t s  described here may & understood in temr3 of this model. 

In  Li-Ni(mnt) the lower energy of the Od, and 3dyz orbitale will 

r e s u l t  in less de loca l i s a t ion  of charge throughout the complex 

anion and hence greater c o r r e l a t i o n  effects a8 suggested by the 

thempower r e s u l t s .  
l~xirnised and the metallic state appears to be preserved down to 

low temperaturee. 

However the 

'Ihe 

In Id-Pd(mnt) de loca l i s a t ion  may be 

We would like to  thank the S- for support  and Johnaon 

Matthey P Co Ltd  for the loan of precioue metal salts. 
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