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Abstract We discuss the charge transport and magnetic properties 
of the titled molecular metals. Replacement of the diamagnetic 
Ni(+2) by paramagnetic Cu(+2) introduces a novel coupling between 
local Cu(+2) spins the mobile charge carriers, and produces a 
coupled transition at 8 K. 

INTRODUCTION 

We are engaged in the synthesis of highly conducting molecu- 
lar crystals through partial oxidation of porphyrin and phthalo- 

cyanine metal complexes. The chemical variability of porphyrinic 
metallomacrocycles, M(L), makes these complexes uniquely well 
suited for the exploration of the relationships between molecular 

and solid state transport properties, and offers the potential for 
chemically controlling the crystal structure and properties of new 
molecular conductors .l 

Partial oxidation of M(L) complexes by molecular I2 has pro- 
duced a large number of new, quasi one-dimensional molecular 

meta1s.l 
intermolecular interactions required for high conductivity, and 
the structure is comprised of metallomacrocycle stacks surrounded 
by channels containing linear chains of iodine in the form of 

13-l ions (Figure 1).l 

In each case the crystal topology permits the strong 
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428 S. M. PALMER et al. 

FIGURE 1. V i e w  down the  c a x i s  of t h e  u n i t  cell  of 
Ni(pc) I  and Cu(pc)I. 
been omitted f o r  c l a r i t y .  

Hydrogen atoms have 

As a demonstration of the  unique chemical f l e x i b i l i t y  of 

t hese  systems, we d iscuss  n icke l  phthalocyanine iod ide ,  Ni(pc)I,  

t h e  f i r s t  low-temperature molecular metal based on metal com- 

plexes,  and Cu(pc)I which d isp lays  novel i n t e r a c t i o n s  between 

loca l i zed  Cu(+2) spins and mobile charge c a r r i e r s .  

RESULTS -- 
The charge c a r r i e r s  of Ni(pc)I a r e  assoc ia ted  w i t h  n-molecu- 

l a r  o r b i t a l s  of t he  r ing  and the  conduct iv i ty  a t  room temperature 

has  a value, '  a - 500 This compound is t he  f i r s t  based 

on a m e t a l a r g a n i c  complex t h a t  remains highly conducting down t o  

t h e  lowest ava i l ab le  temperature, 100 @ (Figure 2),233 and i s  the  

f i r s t  t o  do so without t h e  bene f i t  of strong, chalcogen mediated 

i n t e r s t a c k  in t e rac t ions .  The conduct iv i ty  maximum of ca. 20-30 K 

appears t o  be an e x t r i n s i c  property,  s ince  the  s t a t i c  suscep- 

t i b i l i t y ,  which is  temperature independent down t o  2 K, thermo- 

power, and epr  a l l  confirm t h a t  Ni(Pc)I i s  t r u l y  m e t a l l i c  down t o  

2 K and be10w.~ 

cm-l .  
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NICKEL AND COPPER PHTHALOCYANINES 429 

1 :  
0.1 1 ib 160 

TEMPERATURE (K) 

FIGURE 2. Representative plot of o(T)/o(300) for 
Ni(pc)I, where ~(300) - 500 a-1 cm-'. 

The absence of an observable metal-insulator transition is 
surprising. In general, when the physical properties of a molecu- 
lar metal are dominated by strong unidimensional interactions, the 

compound exhibits a metal-nonmetal transition, most often of the 
Peierls type. The extremely narrow epr lines and weak magneto- 
resistance of Ni(pc)I suggest it to be highly one-dimen~ional,~ as 
expected from the crystal architecture (Figure 1). Moreover, the 
closest non-hydrogen interchain contacts are between carbons 
separated by 3.70 A in the plane of a Ni(pc) unit, and by 3.61 A 

between a molecule in one stack and its neighbors either-one unit 
(c/2) up o r  down in the adjacent stack. These distances are too 

long  f o r  appreciable interstack interactions. In short, Ni(pc)I 
appears to avoid a Peierls transition despite being quite strongly 

one-dimensional. Some of the possible explanations are discussed 
elsewhere .3 

Metal variation in the highly conducting M(L)I provides a 
means of exploring the charge transport mechanism that is unique 
to the conductors based on metallomacrocyles. We have prepared 
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430 S. M .  PALMER el al. 

single crystals of Cu(pc)I that have the same structure as Ni(pc)I 
and are even more highly conducting: ~(300°C) - 1000 62-l c m l ,  and 
o(T) increases down to 20 K, the lowest temperature yet examined. 
Our initial magnetic measurements show that oxidation is ligand 

based; the open-shell divalent metal retains its paramagnetic 
(S = 42) Cu(+2) oxidation state. 

that it includes a dense (l/site) system of interacting, C U + ~  
(S = 42) local spins in addition to the "Fermi sea" of itinerant 
carriers that, like those of Ni(pc)I, are associated with 
*-molecular orbitals of the ring. 

The novel feature of Cu(pc)I is 

The copper ion's magnetic moment is a probe that interacts 
with, and provides information about the n-carrier spins. 

Preliminary epr studies show a single line whose g-value is tem- 
perature dependent. 

coupling between Curie-like local spins and Pauli-like itinerant 
spins; in the terminology associated with the epr of local moments 

in atomic metals, the strongly bottlenecked regime obtains .4 
Strong exchange coupling between Cu(+2), with 8 - 5 K, further 

suggests indirect couplings of the local CU" 
carriers, as well as dipole-dipole interactions and direct 

exchange. 

This result indicates a strong exchange 

spins via the 

This may be schematized as in Figure 3. 

& Carriers 
FIGURE 3 

Analysis of the magnetic properties of Cu(pc)I should give us a 
deep insight into the charge transport process underlying the 
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NICKEL AND COPPER PHTHALOCYANINES 43 1 

metal-l ike conduct iv i ty  of t h i s  compound and, by inference ,  of 

o t h e r  M(L)I as w e l l .  

Perhaps most i n t e r e s t i n g ,  we f i n d  t h a t  t he  epr  s i g n a l  of 

Cu(pc)I broadens and vanishes a t  ca. 8 K, i n  a t r a n s i t i o n  whose 

breadth is less than 1 K (Figure 4). 

cu< pc > I  
parallel 

a , p e r p r n d i c u l a r  
" 50 
CI) 

' 2 0 1  n i;. m . , 
w 

5 10 15 20 
10 

5 
TEMPERATURE < K > 

FIGURE 4. EPR l inewidth of Cu(pc)I p a r a l l e l  and 
perpendicular t o  the  s tacking  ax is .  

S u s c e p t i b i l i t y ,  nmr, and experiments a r e  being undertaken t o  
f u l l y  cha rac t e r i ze  t h i s  t r a n s i t i o n .  However, s i n c e  the  epr  s i g n a l  

is assoc ia t ed  with the  coupled magnetizations of t h e  l o c a l  and 

mobile sp ins ,  the  epr  r e s u l t  suggests the  occurrence of a novel 

t r a n s i t i o n ,  perhaps t o  a spin-density wave state,  t h a t  involves 

both s p i n  systems. 
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