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PORPHYRINIC MOLECULAR METALS 

SHARON M. PALMER, JUDITH L. STANTON, JENS MARTINSEN, 
MICHAEL Y. OGAWA, WILLIAM B. HEUER, S. E. VAN 
WALLENDAEL, BRIAN M. HOFFMAN, JAMES A. IBERS 
Department of Chemistry and M a t e r i a l s  Research  Cen te r ,  
Nor thwes tern  U n i v e r s i t y ,  Evanston, I L  60201, U.S.A. 

A b s t r a c t  Po rphyr in i c  molecular  me ta l s  r i v a l  t h e  
o r g a n i c  me ta l s  i n  t h e  range of t h e i r  p r o p e r t i e s  and 
s u r p a s s  them i n  t h e  t u n a b i l i t y  of t h e s e  p r o p e r t i e s .  
Such t u n a b i l i t y  is i l l u s t r a t e d  he re  by t h e  changes 
t h a t  occur i n  M(L)X sys tems upon change of l i g a n d  L or 
metal M o r  o x i d a n t  X. Among t h e  compounds t h u s  pro- 
duced a r e  N i ( p c ) I ,  t h e  f i r s t  low-temperature molecu la r  
metal t h a t  does  no t  c o n t a i n  a cha lcogen ,  and Co(pc) I ,  
t h e  f i r s t  meta l - sp ine  conductor  no t  based on a P t  
complex. 

INTRODUCTION 

Highly conduct ing  molecu la r  c r y s t a l s  may be ob ta ined  by 

p a r t i a l  o x i d a t i o n  of meta l lomacrocycles .  Such sys tems,  

p repa red  from porphyr in  and phtha locyanine  complexes,  may 

b e  viewed a s  d e r i v a t i v e s  of t h e  me ta l loporph ine  s k e l e t o n :  

R = H. 8 = 8 ' = N :  Wpc) M(lmp) 
B=N B'=CH: hlltatbp) 
B = 8' *CH: MI tbp) 

R = CH,. B-B'=CII: hf(orntbp) 

FIGURE 1 Relevant meta l lomacrocycles .  
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2 S. M. PALMER et al. 

P a r t i a l  oxidat ion of t hese  metalloporphyrins y i e l d s  

m a t e r i a l s  with highly a n i s o t r o p i c  physical  p r o p e r t i e s ,  

including m e t a l l i c  conduction i n  one d1mension.l 

The extreme chemical f l e x i b i l i t y  of t hese  metal-ligand 

complexes permits  sys t ema t i c  a l t e r a t i o n s  of t h e i r  e lectron-  

i c  s t r u c t u r e ,  through e i the r  metal  s u b s t i t u t i o n  o r  l igand 

modif icat ion,  without a f f e c t i n g  the  bas i c  s t r u c t u r a l  motif 

i n  the s o l i d  s t a t e .  In c o n t r a s t ,  t h e  Krogmann sal ts  a r e  

n o t  amenable t o  chemical modif icat ion;2 such a l t e r a t i o n s  i n  

t h e  organic  conductors o f t e n  produce profound changes i n  

both the  s t r u c t u r e  and degree of charge t r a n ~ f e r . ~  Thus 

only i n  the porphyrinic  systems a r e  we a b l e  t o  c o r r e l a t e  

phys i ca l  p r o p e r t i e s  of t hese  highly conducting m a t e r i a l s  

w i th  the  s te r ic  and e l e c t r o n i c  p r o p e r t i e s  of t h e  subun i t s .  

The ex i s t ence  of t he  metal-organic framework i n  these  com- 

pounds a f f o r d s  conduction pathways t h a t  may involve e i t h e r  

t h e  metal  sp ine  o r  t h e  l igand n -o rb i t a l s  o r  both. In addi- 

t i o n ,  t h e  a v a i l a b i l i t y  of a number of p o t e n t i a l  ox idan t s  

makes f u r t h e r  modif icat ion of these  systems poss ib l e .  

Here we summarize some ear l ier  r e s u l t s  from t h i s  

l abo ra to ry  and provide new d a t a  on these  porphyrinic  molec- 

u l a r  metals t h a t  i l l u s t r a t e  not only t h e i r  chemical f l e x i -  

b i l i t y  but a l s o  t h e i r  wide range of physical  p r o p e r t i e s .  

The bas i c  s t r u c t u r e  of t he  Ni(L)I systems is  i l l u s t r a t e d  

f o r  Ni(pc)14 (Figure 2) .  

one another  with the two molecules i n  t h e  u n i t  ce l l  r o t a t e d  

wi th  r e spec t  t o  one another  by about 40". Iodine,  iden- 

t i f i e d  pr imari ly  a s  13- from spectroscopic  s t u d i e s ,  f i l l s  

t he  channels between the s t a c k s  of metallomacrocycles. 

The Ni(pc) u n i t s  s t a c k  on top of 
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PORPHYRINIC MOLECULAR METALS 3 

FIGURE 2 View down t h e  c axis of t h e  u n i t  c e l l  
o f  N i (pc ) I .  Hydrogen atoms are  
omi t t ed .  

Table  I p rov ides  m e t r i c a l  d a t a  f o r  t h e s e  systems. From 

Tab le  I i t  fo l lows  t h a t  change of t h e  l i gand  L b r i n g s  abou t  

s i g n i f i c a n t  changes i n  t h e  N i - N i  i n t r a s t a c k  d i s t a n c e  i n  

N i ( L ) I  systems. These changes a r e  s t r i k i n g l y  r e f l e c t e d  in 

p h y s i c a l  p r o p e r t i e s ,  a s  i l l u s t r a t e d  i n  F i g u r e  3 f o r  t h e  

t empera tu re  dependence of t h e  c o n d u c t i v i t y  a long  t h e  

s t a c k i n g  a x i s .  

Ni(pc)14s5 i s  t h e  most e x t e n s i v e l y  s t u d i e d  M(L)I com- 

pound. Its c o n d u c t i v i t y  is  h igh  and me ta l - l i ke  ( F i g u r e  3 ) ;  
i t s  mean-free c a r r i e r  pa th  is  c o n s i s t e n t  w i t h  a wavel ike  

c o n d u c t i v i t y  mechanism. 

s o l e l y  w i t h  l i gand  o r b i t a l s ,  r a t h e r  t h a n  w i t h  those  of t h e  

metal. N i (pc ) I  i s  t h e r e f o r e  an  o r g a n i c  conductor  t h a t  may 

b e  a c c u r a t e l y  d e s c r i b e d  i n  terms of t h e  t i gh t -b ind ing  p ic -  

t u r e  of a one-dimensional metal. The c o n d u c t i v i t y  of 

The cha rge  c a r r i e r s  are a s s o c i a t e d  
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4 S. M .  PALMER el al. 

TABLE I Metrical data and room-temperature 
conductivities for some M(L)X 
compounds. 

Compound 

Ni (pel1 
Ni(tmp)I 
Ni(omtbp)I 
Ni (t bp)I 

H2( PC) I 
CU(PC)I 
CO(PC)I 
Fe(pc)I* 
Ni(pc)Br 

M-M Inter 
stack ( A )  
13.94(  1 )  

1 1 . 7 5 ( 1 )  

14 .86(1)  

1 4 . 0 8 ( 2 )  

1 3 . 9 1 ( 2 )  

13 .89(1)  

13 .93(1)  

13 .84(2)  

13 .79(  1 ) 

M-M Intra- 
stack ( A )  
3.244(2)  

3 . 4 6 6 ( 3 )  

3 .778(3)  

3 .217(5)  

3 . 2 0 5 (  5) 
3.195(4)  

3 .123(1)  

3 . 3 9 ( 1 )  

3 .216(2)  

T 

2 98 

114 

298 

113 
97 

97 

116 

97 

167 

(K 1 
o(2SoC] 
fl-lclll- 
500 

110 

1 0  

330 

7 50 

900 

50 

2 0  

160 

Ref. 

495 

697 

7 , 8  

799 
1 0  

1 1  

13  

1 4  

1 0  
* Fe(pc)I forms crystals of very low quality and the 
compound w i l l  not be discussed further here. - 

FIGURE 3 Temperature dependence of the 
conductivity along the stacking 
axis for some Ni(L)I systems. 
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PORPHYRINIC MOLECULAR METALS 5 

N i ( p c ) I  i n c r e a s e s  w i t h  dec reas ing  tempera ture  t o  30 K ;  i t  

remains h igh ly  conduct ive  t o  100 mK, t h e  lowes t  t empera tu re  

examined.' 

measurements a t  low t empera tu re  conf i rm t h a t  t h e  metal l ic  

band s t r u c t u r e  i s  main ta ined  t o  below 2 K. Thus N i ( p c ) I  i s  

t h e  f i r s t  low-temperature molecular  me ta l  t h a t  does  no t  

c o n t a i n  c h a l ~ o g e n s . ~  

The compounds Ni(trnp)16s7 and N i ( ~ m t b p ) I ~ , ~  a r e  

Epr, t h e r m o e l e c t r i c  power, and magnet ic  

i s o i o n i c  w i t h  and adopt  t h e  same s t r u c t u r a l  mot i f  as 

N i ( p c ) I ,  bu t  they  show very  d i f f e r e n t  p h y s i c a l  p r o p e r t i e s .  

Whereas Ni (pc ) I  i s  a low-temperature molecular  metal, bo th  

Ni( tmp)I  and Ni(omtbp)I show c o n d u c t i v i t y  behav io r  t h a t  is 

more c h a r a c t e r i s t i c  of many q u a s i  one-dimensional sys tems 

( F i g u r e  3) .  Again t h e  c a r r i e r s  a r e  l i g a n d  based. The 

sma l l - r ing  conductor ,  Ni(tmp)I,  h a s  a longe r  i n t r a s t a c k  

spac ing  than  Ni (pc ) I  and i t s  c o n d u c t i v i t y  is b e t t e r  

d e s c r i b e d  by a hopping or d i f f u s i v e  mechanism. As t h e  

i n t r a s t a c k  spac ing  i n c r e a s e s  and t h e  e x t e n t  of d e l o c a l i z a -  

t i o n  of cha rge  w i t h i n  t h e  p l ane  d e c r e a s e s ,  Coulomb i n t e r -  

a c t i o n s  become more impor t an t ,  as v e r i f i e d  by magnet ic  

s u s c e p t i b i l i t y  measurements. The i n t r a s t a c k  spac ing  i n  

Ni(omtbp)I i s  l o n g e r  s t i l l ,  and t h i s  compound is  t h e  l eas t  

conduc t ive  of t h e  Ni(L)I  materials. It t o o  d i s p l a y s  a d i f -  

f u s i v e  mechanism f o r  cha rge  t r a n s f e r .  Desp i t e  t h e  long 

i n t r a s t a c k  spac ing  i t s  room-temperature c o n d u c t i v i t y  is 

m e t a l - l i k e  and comparable wi th  t h a t  of Krogmann's s a l t .  

For Ni(omtbp)I Coulomb c o r r e l a t i o n s  dominate and t h e  

"atomic l i m i t "  is r e a l i z e d  -- Ni(omtbp)I r e p r e s e n t s  t h e  

l i m i t  of ex t remely  weak i n t e r a c t i o n s  between molecu la r  

s u b u n i t s .  Indeed, t h e  magnetic s u s c e p t i b i l i t y  is  Curie- 

l i k e ,  i n d i c a t i v e  of l o c a l i z e d  s p i n s .  Thus Ni (pc ) I ,  

Ni ( tmp)I ,  and Ni(omtbp)I form an  i s o i o n i c  s e r i e s  i n  which 
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6 S. M .  PALMER er al. 

Coulomb c o r r e l a t i o n s  a r z  of p rogres s ive ly  g r e a t e r  impor- 

t a n c e  r e l a t i v e  t o  charge  t r a n s f e r  i n t e r a c t i o n s .  Note t h a t  

we can modify t h e  r e l a t i v e  importance of c o r r e l a t i o n  

e f f e c t s  i n  an unders tandable  f a s h i o n  through c o n t r o l l e d  

changes i n  t h e  metallomacrocycle bu i ld ing  blocks.  

Comparison of t h e  compounds Ni( tbp) I7y9  and Ni ( t a tbp )17  

w i t h  Ni(pc) I  i l l u s t r a t e s  how s u b t l e  v a r i a t i o n s  i n  t h e  

e l e c t r o n i c  framework of t he  l i gand  can a f f e c t  t h e  n a t u r e  of 

t h e  charge  carriers in i s o s t r u c t u r a l  systems. N i ( t b p ) I  and 

N i ( t a t b p ) I  a r e  t h e  f i r s t  molecular  metals i n  which t h e  

charge  c a r r i e r s  e x h i b i t  bo th  metal and l i g a n d  p r o p e r t i e s .  

Rather  t han  having t h e  conduct ion  e l e c t r o n s  conf ined  t o  

n - o r b i t a l s  of o rgan ic  m o i e t i e s  or t h e  d - o r b i t a l s  of metal 

atoms i n  a cha in ,  p a r t i a l  o x i d a t i o n  c r e a t e s  e l e c t r o n  h o l e  

s p e c i e s  t h a t  e x i s t  on both t h e  N i  and L si tes.  

c a r r i e r s  a r e  l o c a l i z e d  on t h e  l i g a n d  or metal s i t e s  and can 

hop between them wi th  a frequency t h a t  is lower than  t h e  

i n t e r m o l e c u l a r  hopping ra te  a s s o c i a t e d  wi th  t h e  conduct ion  

p rocess .  Thus t h e s e  compounds e x h i b i t  a novel "doubly 

mixed v a l e n t "  s ta te .  

The charge  

- CHANGE OF METAL I N  M(pc)I SYSTEMS 

J u s t  as t h e  change of l i gand  L i n  t h e  Ni(L)I  systems s t r i k -  

i n g l y  a f f e c t s  t h e i r  p h y s i c a l  p r o p e r t i e s ,  t h e  change of 

metal, M y  i l l u s t r a t e d  h e r e  f o r  M(pc)I sys tems,  b r ings  about  

e q u a l l y  s t r i k i n g  but d i f f e r e n t  e f f e c t s .  Upon change of 

metal, t h e  e l e c t r o n i c  environment of t h e  macrocycle is 

a l t e r e d  and t h e  band s t r u c t u r e  may change. There may a l s o  

b e  a s h i f t  i n  o x i d a t i o n  p o t e n t i a l  of t h e  metallic c e n t e r .  

But ,  a s  evidenced by Ni (pc ) I ,  t h e  metal need t a k e  no d i r e c t  

p a r t  in t h e  conduct ion  p rocess ;  indeed ,  H2(pc)I is  a s  
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1 PORPHYRINIC MOLECULAR METALS 

h i g h l y  conduct ive  a s  some metal de r iva t ives . "  

Some s t r u c t u r a l  d a t a  on M(pc)I systems are shown i n  

Tab le  I. Note t h e  wide v a r i a t i o n  i n  i n t r a s t a c k  spac ings .  

Coulomb c o r r e l a t i o n s  are  of p r o g r e s s i v e l y  g r e a t e r  i m p o r  

t a n c e  r e l a t i v e  t o  cha rge  t r a n s f e r  i n t e r a c t i o n s .  Note t h a t  

we can  modify t h e  r e l a t i v e  impor tance  of  c o r r e l a t i o n  

The s t r u c t u r e s  are similar and y e t  t h e  s imple  chemica l  

m o d i f i c a t i o n  of change of  me ta l  b r i n g s  about  s i g n i f i c a n t  

d i f f e r e n c e s  i n  t h e  c o n d u c t i v i t i e s  o f  t h e s e  compounds, as 

i l l u s t r a t e d  i n  F igu re  4. 

6000 

> 
I- 

2 
I- u 
3 

0 u 

I-# 4000 
c( 

2000 

2" 

i '., Cu<pc> I  

\ 
'. 

..... N i ( PC ) I  
.... .... ..... ..... ... 

........... ......... ... 
.-.._ 

....... 

'% 

C O (  ._.._. PC --..- )I ~.-~0--.--...---.~~.- 
4. 

108 200 30 
T( K )  

FIGURE 4 C o n d u c t i v i t i e s  of s e l e c t e d  M(pc)I 
sys tems.  

N i ( p c ) I  is a pu re ly  n-conductor.  Replacement of t h e  

d i amagne t i c  N i 2 +  by paramagnetic Cu2+ c e n t e r s  l e a v e s  t h e  

conduc t ion  mechanism unchanged but i n t r o d u c e s  impor t an t  

d i f f e r e n c e s .  Magnetic s u s c e p t i b i l i t y ,  e p r ,  and thermo- 

e l e c t r i c  power measurements show t h a t  Cu(pc) I l1  i s  metal l ic  

down t o  40 K,  t h e  lowes t  t empera tu re  examined. The pr in-  

c i p a l  charge  c a r r i e r s  are h o l e s  a s s o c i a t e d  w i t h  t h e  r i n g  

and t h e  Cu c e n t e r s  remain Cur i e - l i ke .  Thus t h e  novel  
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8 S. M. PALMER et al. 

f e a t u r e  of t h i s  compound is t h a t  i t  c o n t a i n s  a dense 

( l / s i t e )  system of Cu+' ( s - l h )  l o c a l  s p i n s  i n t e r a c t i n g  wi th  

each  o t h e r  and wi th  a "Fermi sea" of i t i n e r a n t  carriers. 

Equa l ly  i n t e r e s t i n g ,  t h e  s i n g l e  exchange-coupled epr  s i g n a l  

o f  Cu(pc)I a b r u p t l y  broadens  and van i shes  a t  about  8 K 

w h i l e  t h e  s t a t i c  s u s c e p t i b i l i t y  is only  s l i g h t l y  p e r t u r b e d ,  

sugges t ing  a t r a n s i t i o n ,  perhaps  to  a sp in -dens i ty  wave 

s ta te ,  t h a t  i n v o l v e s  bo th  s p i n  sys tems. l2  

Although Co+* a l s o  has  a n  unpa i r ed  l o c a l  s p i n  t h e  con- 

d u c t i v i t y  of Co(pc)I13 c l e a r l y  is v e r y  d i f f e r e n t  from t h a t  

o f  i t s  N i  or Cu ana logues  (F igu re  4). Moreover, t h e  s i g n  

of t h e  t h e r m o e l e c t r i c  power is n e g a t i v e ,  i d e n t i f y i n g  

e l e c t r o n s  as t h e  charge  carriers. The va lence  band formed 

i n  t h e  Co(pc) s t a c k  would be on ly  h a l f - f i l l e d  and o x i d a t i o n  

by 1/3 e l e c t r o n s  pe r  s i t e  y i e l d s  a band t h a t  is 1 / 3  f i l l e d ;  

t h u s  conduct ion  i s  a s s o c i a t e d  wi th  e l e c t r o n s  and t h e  con- 
d u c t i v e  pathway is a long  t h e  Co s p i n e .  Co(pc)I is t h e  

f i r s t  meta l - sp ine  conductor  t h a t  is no t  based on a Pt  com- 

p l ex .  Furthermore,  t h e  room-temperature c o n d u c t i v i t y  of 

abou t  50 n-lcm-' i s  comparable wi th  o t h e r  metal s p i n e  con- 

d u c t o r s ,  d e s p i t e  t h e  f a c t  t h a t  t h e  Co-Co d i s t a n c e  of 

3.12 A is much g r e a t e r  than  t h e  t y p i c a l  Pt-Pt d i s t a n c e  of 

2.95 A .  The c o n d u c t i v i t y  of Co(pc)I d e c r e a s e s  a lmost  

l i n e a r l y  wi th  dec reas ing  t empera tu re ;  t h i s  seems t o  r e f l e c t  

t h e  s t r o n g  one-dimensional c h a r a c t e r  of cha rge  t r a n s p o r t  

a long  h igh ly  i s o l a t e d  c h a i n s  of Co atoms. 

F i g u r e  5 is a r e p r e s e n t a t i o n  of t h e  s t r i k i n g l y  d i f f e r -  

e n t  c o n d u c t i v i t y  pathways f o r  t h e  i s o s t r u c t u r a l  and 

i s o i o n i c  compounds Ni (pc ) I ,  Cu(pc) I ,  and Co(pc) I .  Simple 

me ta l  s u b s t i t u t i o n  h a s  r e s u l t e d  i n  s h i f t i n g  t h e  mechanism 

of  charge  t r a n s p o r t  from s imple  a -ove r l ap  t o  n-over lap  
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PORPHYRINIC MOLECULAR METALS 9 

modula ted  by i n t e r a c t i o n s  w i t h  t h e  metal s i t e  t o  M-M 

o v e r l a p .  

CHANGE OF OXIDANT I N  Ni (pc)X SYSTEMS 

The c h o i c e  of  o x i d a n t s  is n o t  l i m i t e d  t o  12.  

a b e t t e r  o x i d a n t  t h a n  1 2  and is smaller, t h e r e  is  t h e  

p o s s i b i l i t y  t h a t  o x i d a t i o n  w i t h  Br2 may produce  a compound 

w i t h  s t r u c t u r e  or c o n d u c t i v i t y  d i f f e r e n t  f rom t h a t  o f  i t s  

i o d i n e  a n a l o g u e .  

S i n c e  B r 2  is 

FIGURE 5 S c h e m a t i c  r e p r e s e n t a t i o n  o f  
c o n d u c t i v i t y  pa thways  i n  
some M(pc)I s y s t e m s .  

Our f i r s t  e x p e r i m e n t  w i t h  Br2 a s  a n  o x i d a n t  h a s  y i e l d e d  

a v e r y  i n t e r e s t i n g  r e s u l t .  

w i t h  N i ( p c ) I  ( T a b l e  I) and c o n t a i n s  Br3- s p e c i e s .  

t h e s e  s imi l a r i t i e s  t h e  c o n d u c t i v i t y  o f  Ni(pc)Br d i f f e r s  

markedly  from t h a t  of N i ( p c ) I  ( F i g u r e  6 ) .  We have n o t  y e t  

d e t e r m i n e d  t h e  c o n d u c t i v i t y  b e h a v i o r  below 100 K. To a 

N i ( p c ) B r l 0  i s  i s o s t r u c t u r a l  

D e s p i t e  
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10 S. M. PALMER et al. 

*".. N i ( p c > I  
9 
\ '. 

N i (  pc ) B r  

i .  

f i r s t  approximation t h e  magnetic s u s c e p t i b i l i t y  and epr 

c h a r a c t e r i s t i c s  of t h e  two compounds are very s i m i l a r .  

Since t h e o r e t i c a l  d e s c r i p t i o n s  of M(L)X systems gene ra l ly  

concen t r a t e  on t he  M(L) po r t ion  and ignore,  i n  f i r s t  

3000 

2Q0Q 
2 

FIGURE 6 Conductivity behavior f o r  Ni(pc)I  
and Ni(pc)Br. 

approximation, t he  e f f e c t s  of X, t hese  results on Ni(pc)I  

and Ni(pc)Br seem e s p e c i a l l y  provocative.  

CONCLUSION 

We have ou t l ined  the  profound changes i n  physical  proper- 

t i e s  t h a t  occur i n  M(L)X systems upon d e l i b e r a t e  change of 

M o r  L o r  X. 

c a l l y  malleable systems, f a r  more r e a d i l y  than i n  the  more 

widely s tudied organic  metals.  Yet these porphyrinic  

molecular metals show most of t he  f e a t u r e s  of t he  organic  

metals.  We be l i eve  t h a t  continued study of t hese  por- 

phyr in i c  molecular metals  n i ce ly  complements s t u d i e s  of 

organic  metals and w i l l  c o n t r i b u t e  s u b s t a n t i a l l y  t o  the 

mutual goal  of designing m a t e r i a l s  with s p e c i f i c  physical  

p rope r t i e s .  

Such changes a r e  r e a d i l y  made i n  these  chemi- 
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