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A series o f  q u a s i  one-dimensional mo lecu la r  m e t a l s  
based on meta l lomacrocyc le  b u i l d i n g  b locks  i s  com- 
pared.  The group of  compounds N i ( L ) I ,  where L = d ian -  
i o n  of  ph tha locyan ine  (PC) , t e t r a b e n z p o r p h y r i n  (TBP) , 
o r  triazatetrabenzporphyrin (TATBP) , a r e  i s o i o n i c  and 
i s o s t r u c t u r a l  but  t h e  n a t u r e  of  t h e  c h a r g e  c a r r i e r  i s  
q u i t e  d i f f e r e n t  i n  each m a t e r i a l .  Ox ida t ion  i n  
Ni(PC)I is e x c l u s i v e l y  from l i g a n d  n - o r b i t a l s  so t h a t  
conduct i on  i s  a s s o c i a t e d  wi th  d e l o c a l i z e d  n - o r b i t a l s .  
Ni(TBP)I and Ni(TATl3P)I d i s p l a y  e p r  s p e c t r a  t h a t  
demons t r a t e  t h a t  o x i d a t i o n  h a s  occur red  from bo th  
l i g a n d  n - o r b i t a l s  and N i  d - o r b i t a l s  so  t h a t  t h e s e  com- 
pounds d i s p l a y  a n o v e l ,  doubly mixed-valence s t a t e .  
The compounds Ni(PC)I,  Ni(TMP)I, and Ni(0MTBP)I (TMP = 
t e t r a m e t h y l p o r p h y r i n ,  OMTBP = oc tame thy l t e t r abenzpor -  
phyr in )  form an i s o i o n i c  series where Coulomb c o r r e l a -  
t ions  are o f  p r o g r e s s i v e l y  g r e a t e r  importance.  

INTRODUCTION 

We have been  s tudy ing  h i g h l y  conduc t ing  q u a s i  one- 
dimensional  mo lecu la r  s o l  i d s  b u i l t  from me ta l lomacrocyc le s  
t h a t  may be viewed as v a r i a n t s  on t h e  po rph ine  sltele- 
t ~ n . l - ~  L ike  t h e  "organic   metal^",^,^ t h e s e  m o l e c u l a r  
s o l i d s  can  a t t a i n  h i g h  e lec t r ica l  c o n d u c t i v i t y ,  b u t  t h e  
chemical  f l e x i b i l i t y  o f  t h e s e  me ta l lomacrocyc le s  p r o v i d e s  a 
unique o p p o r t u n i t y  t o  v a r y  t h e  e l e c t r o n i c  p r o p e r t i e s  of  t h e  
molecu la r  b u i l d i n g  b lock ,  and t h e r e f o r e  t h e  p r o p e r t i e s  o f  

[949]/231 
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232/[950] W. B. EULER et ui. 

t h e  r e s u l t i n g  sol id .10-13 In t h i s  paper  we d i s c u s s  some o f  
our  r e s u l t s .  We f i r s t  compare t h e  p r o p e r t i e s  of  a s u i t e  of  
compounds, N i ( L ) I ,  employing v a r i a n t s  t o  t h e  po rphyr in  
s k e l e t o n  : 

R = H, 

R CH3, 

B=B'=N; M(PC) 

B=N B'=CH; M(TATBP) 

B=B'=CH; M(TBP) 

B=B I =CH; M( OMTBP) 

The t e t r a b e n z p o r p h y r i n  (TBP) s k e l e t o n  can  b e  viewed a s  
having an expanded a romat i c  n - e l e c t r o n  system o b t a i n e d  by  
f u s i n g  benzene r i n g s  o n t o  t h e  8-carbon atoms of t h e  por- 
phyr in  p y r r o l e  r i n g s .  Ph tha locyan ine  (PC) may b e  imagined 
t o  arise from f o u r  me th ine  + a z a  b r i d g e  s u b s t i t u t i o n s  i n  
TBP. The " in t e rmed ia t e"  complex, t r i a z a t  e t r abenzporphyr  i n  
(TATBP), c o n c e p t u a l l y  c a n  be  o b t a i n e d  from TBP by t h r e e  
methine + a z a  b r i d g e  s u b s t i t u t i o n s .  The e l e c t r o n i c  proper-  
t i e s  of t h e  s u b u n i t s  v a r y  s u b s t a n t i a l l y  without  correspond-  
i n g  changes i n  steric s t r u c t u r a l  f e a t u r e s ,  and t h e  
conduc t ing  Ni (L) I  a r e  not  o n l y  i s o s t r u c t u r a l ,  bu t  a l s o  are 
p a r t i a l l y  o x i d i z e d  and i s o i o n i c .  

Probably t h e  most unusual r e s u l t  of  t h i s  comparison 
concerns t h e  n a t u r e  o f  t h e  cha rge  carr iers  i n  t h e s e  
m a t e r i a l s .  The carr iers  i n  conduc t ing  molecu la r  c r y s t a l s  
have been found p r e v i o u s l y  t o  belong t o  one of  two l i m i t i n g  
c l a s s e s .  E i t h e r  t h e y  are conf ined  t o  t h e  d o r b i t a l s  of  a 
conduct ing me ta l  s p i n e  as i n  t h e  t e t r a c y a n o p l a t i n a t e  s a l t s ,  
or t h e y  a r e  a s s o c i a t e d  wi th  d e l o c a l i z e d  n molecu la r  o r b i -  
t a l s  a s  i n  t h e  o r g a n i c  conductore.8a11 We have now found 
t h e  f i r s t  w e l l  c h a r a c t e r i z e d  p a r t i a l l y  o x i d i z e d  complexes 
i n  which t h e  cha rge  c a r r i e r s  e x h i b i t  both metal and l i g a n d  
p r o p e r t i e s .  It appea r s  t h a t  t h e  e l e c t r o n  h o l e  c r e a t e d  by 
i o d i n e  o x i d a t i o n  o f  Ni(TBP) and Ni(TATBP) c a n  jump between 
t h e  metal  and t h e  macrocycle ,  a s  w e l l  as between one 
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CARRIER PROPERTIES OF PORPHYRINIC MOLECULAR METALS [951]/233 

Ni(TBP) un i t  and i t s  neighbors.  In s h o r t ,  t hese  complexes 
d i s p l a y  a novel ,  doubly mixed-valence s t a t e .  

We a l s o  d i scuss  the  s t r u c t u r a l ,  magnet ic ,  and charge 
t r anspor t  p rope r t i e s  of s i n g l e  c r y s t a l s  of t h e  small-r ing 
porphyrin system Ni(TMP)I, a h igh ly  conducting compound 
obtained by p a r t i a l  oxidat  ion of tetramethylporphyrinato- 
n i c k e l ( I I 1 ,  Ni(TMP), with iodine.  

"i 

Small-ring porphyrin systems a r e  of i n t e r e s t  because t h e i r  
conjugated framework i s  much less ex tens ive  than  t h a t  of  
t h e i r  l a rge- r ing  coun te rpa r t s .  In p a r t i c u l a r ,  w e  f i nd  
t h a t  t he  v a r i a t i o n  of t he  r ing  s i z e  has  important con- 
sequences f o r  t h e  r e l a t i v e  importance of e l e c t r o n  co r re l a -  
t i o n  e f f e c t s  w i th in  t h e  conducting metallomacrocyle s t acks .  

Ni(L) ,  L=PC, TBP, TATBP 

Iodine  oxida t  ion of Ni(PC) ,1-3 Ni(TBP) ,4  and 
Ni(TATBP)5,6 i n  each case  leads  t o  i s o l a t i o n  of c r y s t a l s  
with composition Ni(L)I .  F u l l  X-ray d i f f r a c t i o n ,  resonance 
Raman, and 1291 Mossbauer s t u d i e s  show t h a t  t h e  f i r s t  two 
iodina ted  m a t e r i a l s  a r e  i s o s t r u c t u r a l  and i s o i o n i c ,  con- 
s i s t  ing of columnar s t acks  of planar  metal lomacrocycles  
with p a r a l l e l  (d i sordered)  cha ins  of t r i i o d i d e  counter ions  
(F igure  1 ) .  
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234/[952] W. B. EULER et at. 

Fig. 1. S t ruc tu re  of Ni(PC)I and Ni(TBP)I a s  viewed down 
t h e  5 ( s tacking)  ax i s .  

Thus, t he  m a t e r i a l s  a r e  i n  a non-integral  ox ida t ion  s t a t e  
t h a t  may be w r i t t e n  formally as  (Ni(L))+0*33(13')o,33. 
Furthermore, X-ra photographs and resonance Raman spec t r a  
of t h e  Ni(TATBP)Iy4 system a r e  i d e n t i c a l  t o  those  of Ni(PC)I 
and Ni(TBP)I, so a l l  t h r e e  of t h e s e  systems appear t o  be 
s t r u c t u r a l l y  equivalent .  
these  compounds i s  on a s i t e  of 4/m symmetry and conse- 
quent ly  is c rys t a l log raph ica l ly  cons t ra ined  t o  be planar .  
Thus, t he re  i s  no impediment t o  s t rong  i n t r a s t a c k  in te rac-  
t i o n s ,  and shor t  rnetal-metal  spacings along a Ni(L) column 
ref lect  t h i s :  
3.26(2) a t  298°K and 3.217(5) A a t  116OK.4 
e l ec t ron ic  p rope r t i e s  of t he  t h r e e  Ni(L) parent  molecules 
d i f f e r  s i g n i f i c a n t l y  because of t h e  d i f f e r e n t  e lectronega-  
t i v i t i e s  of t h e  (-N=) and (-CH=) bridges.14 Since t h e  
Ni(L)I  c r y s t a l s  exhib i t  no concomitant changes i n  i o n i c i t y  
o r  s t r u c t u r e ,  they o f f e r  an oppor tuni ty  t o  examine t h e  
dependence of s o l i d  s t a t e  p rope r t i e s  on purely e l e c t r o n i c  
c h a r a c t e r i s t i c s  of t he  subunit  i n  t h e  absence of competing 
e f f e c t  s . 

The metallomacrocycle i n  each o f  

Ni(PC)I, 3.244(2) 8, at 298'K,1 Ni(TBP)I, 
However, t h e  
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CARRIER PROPERTIES OF PORPHYRINIC MOLECULAR METALS [9531/235 

Each of t h e  t h r e e  materials shows a reduced and nea r ly  
temperature-independent paramagnetic s u s c e p t i b i l i t y ,  xs, 
corresponding t o  3 0.1 spins/macrocycle  a t  room tempera- 
t u r e .  Rela t ing  xs t o  t h e  P a u l i  s u s c e p t i b i l i t y  of  a one- 
dimensional t igh t -b inding  band5,15 a f f o r d s  us  an estimate 
of  t h e  in te rmolecular  i n t e r a c t i o n s  wi th in  a s t a c k ,  and i n  
each case  w e  o b t a i n  I t I 3 0.1 e V .  

Room-temperature c o n d u c t i v i t i e s  and, of more s i g n i f  i- 
cance,  mean-free-paths f o r  c a r r i e r  motion along t h e  s t ack  
a r e  comparable with va lues  repor ted  f o r  o the r  one-dimen- 
s i o n a l  "metals" 
 salt^.^,^^ 
inc rease  i n  conduct iv i ty  upon cool ing  from room tempera ture  
but  t h e  r e s i s t i v i t y  of t h e  former accu ra t e ly  v a r i e s  with 
T l m 9 ,  whi le  t h a t  of t he  l a t t e r  changes more g radua l ly .  The 
major d i f f e r e n c e  i n  the  temperature  dependence of t h e  con- 
d u c t i v i t y  fo r  t hese  compounds occurs  a t  lower tempera tures .  
T h e  conduc t iv i ty  f o r  Ni(TBP)I reaches a broad maximum before  
f a l l i n g  o f f  r ap id ly .  In c o n t r a s t ,  t h e  conduc t iv i ty  of  
Ni(PC)I i nc reases  with decreas ing  temperature  u n t i l  i t  
reaches  a maximum va lue  of 
undergoes a d i scont inuous  t r a n s i t i o n  t o  a semiconducting 
s t a t e  with f u r t h e r  cool ing.  The c h a r a c t e r i s t i c s  o f  
Ni(TATBP)I fol low the  temperature  response of Ni(TBP)I, bu t  
a r e  not simply in te rmedia te  between those  of Ni(PC)I and 
NI(TBP)I, a l though t h e  room temperature  conduc t iv i ty  i s  
comparable . 

including t h e  organic  charge- t ransfer  
Both Ni(PC)I and Ni(TBP)I show meta l - l ike  

1500 Q-l cm-l a t  ca .  55"K, but  

The  c a r r i e r  sp in  g-values and l inewidths  ( r )  f o r  
Ni(TBP)I and Ni(TATBP)I a r e  anomalous; both q u a n t i t i e s  a r e  
unusual ly  l a r g e  at room temperature  ( f o r  Ni(TBP)I, gav = 
2.03, I' = 105 G) and inc rease  s t rong ly  as t h e  tempera ture  
i s  lowered (F igure  2) .  Moreover, t h e  epr  l i newid ths  show 
an unprecedented inc rease  with inc reas ing  spectrometer  
f r e q ~ e n c y . ~ ~ ~  
independent l inewidths  of Ni(PC)I,  Ni(OMTBP)I, and, f o r  
example, TTF-TCNQ. The frequency dependence of t h e  l i ne -  
width r e q u i r e s  t h a t  t he  c a r r i e r  in te rchange  between l igand  
and metal  occurs  with a frequency, w i ,  t h a t  i s  only  margin- 
a l l y  l a r g e r  than t h e  frequency d i f f e r e n c e  between t h e  reso-  
nance frequency f o r  a pure metal  d s p i n  and a pure l igand  
T r a d i c a l  ( i . e . ,  a t  X-band, w i  > B (gNi-gL)Ho/h .. 109-1010 
s e c - l ) .  
temperature  dependence of t h e  epr p r o p e r t i e s  of t h e  doubly 

This  may be con t r a s t ed  with t h e  frequency 

In order  t o  desc r ibe  t h e  unusual frequency and 
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Fig. 2. Temperature dependence of t h e  e p r  l inewidth  fo r  
Ni(PC)I, Ni(TBP)I, and Ni(TATBP)I. 

mixed-valent ma te r i a l s  Ni(TATBP) and Ni(TBP) I ,  a model based 
on t h e  modified Bloch equat ions f o r  two-site exchange has  
been employed.17r18 
i s  t h a t  t he  spin-bearing hole  can hop between one of two 
sites: t h e  oxida t ion  can be metal-centered t o  form a 
N i l I 1  spec ies  with g va lue  gd and l inewidth  rd o r  t h e  oxida- 
t i o n  can be l igand-centered t o  form a n-cation r a d i c a l  with 
g va lue  gT and l inewidth rT. The equat ions f o r  t h e  coupled 
magnet izat ion equat ions then depend on t h e  l i f e t i m e  on each 
s i t e ,  Tn and ‘Cd. The observed frequency dependence of t h e  
l inewidth  implies  t h a t  exchange is n e i t h e r  i n  t h e  f a s t  nor 
t h e  slow l i m i t s ,  and thus  t h e  magnet izat ion equat ions must 
be solved exac t ly .  

The physical  model fo r  these  m a t e r i a l s  

A l l  parameters may be est imated from re fe rence  e p r  
spec t r a  except for  th ree :  rd ,  T ~ ,  and ‘cd. The p r i n c i p l e  
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CARRIER PROPERTIES OF PORPHYRINIC MOLECULAR METALS [955]/237 

of  d e t a i l e d  balance r equ i r e s  t h a t  t h e  r a t i o  TnfTd be equal  
t o  t h e  r a t i o  of t h e  magnetic s u s c e p t i b i l i e s  of  each s i t e ,  
x r f ~ ,  thus  introducing a f u r t h e r  c o n s t r a i n t  i f  t h e  s i n g l e  
s i t e  s u s c e p t i b i l i t i e s  can be deduced. The room temperature  
frequency dependence of t he  l inewidth can be used t o  set  
t h e  t h r e e  free parameters and w e  f ind  t h e  l i f e t i m e s  t o  be  
s l i g h t l y  d i f f e r e n t  for  t h e  two systems; fo r  Ni(TATBP)I T~ = 
3x10'9 8ec and Td = 3 1 ~ 1 0 ' ~ ~  8ec while  f o r  Ni(TBP)I Tn = 
iX10-9 sec and 'Cd = 4 ~ 1 0 ' ~ ~  sec. In terms of g=2, S=YZ 
sp ins  t h e  t o t a l  sp in  s u s c e p t i b i l i t y  f o r  Ni(TBP)I i s  0.10 
sp ins  per macrocycle implying t h e  equiva len t  of  0.03 
N i l I 1  sp ins  pe r  macrocycle and 0.07 n-cation r a d i c a l  sp ins  
per macrocycle a t  room temperature ,  
va lues  a r e  0.01 N i l Z 1  sp ins  per macrocycle and 0.12 
r-cat  ion r a d i c a l  sp ins  pe r  macrocycle. 

For Ni(TATBP)I these  

The temperature dependence of t h e  l inewidth  can be 
reproduced by allowing Tdf'CT and rd t o  vary  with tempera- 
t u r e ,  l eav ing  t h e  o the r  i n t r i n s i c  s i t e  parameters cons tan t .  
In both cases  t h e  temperature dependence of t h e  r a t i o  
Xd/Xr = Td/Tr has  very near ly  a T1 behavior.  S ince  xn 
should be roughly temperature independent,  as  seen with 
Ni(PC)I and Ni(TMP)I, t h i s  i nd ica t e s  t h a t  t h e  magnet izat ion 
assoc ia ted  with t h e  n icke l  sp ins  has t h e  near ly  Cur ie - l ike  
behavior of sp ins  t h a t  i n t e r a c t  only weakly. This  i s  not 
s u r p r i s i n g  because the  d e n s i t y  of  ,;IZ1 si tes  is low. The 
model i s  cons i s t en t  with t h e  temperature  dependence of t h e  
g va lues  a s  w e l l .  A s  t he  temperature i s  lowered u/xn 
inc reases ,  thus  increas ing  t h e  weighting of gd and t h e  
observed g-value. 

Crys ta l lographic  s t u d i e s  of Ni(TMP)I show t h a t  t h e  
Ni(TMP) molecules a re  r u f f l e d  (S4) and a r e  s tacked metal- 
over-metal such tha t  t h e i r  mean molecular planes a r e  per- 
pendicular  t o  t h e  c rys t a l log raph ic  5 a x i s .  They a l t e r n a t e  
i n  an ABAB p a t t e r n  along 5, where molecule B i s  r e l a t e d  by 
symmetry t o  molecule A but i s  ro t a t ed  about i t s  S4 a x i s  by 
37". 
t h e  5 ax i s ,  and thus  t h i s  compound has  t h e  same i o n i c i t y  a s  
do t h e  l a r g e  r i n g  com ounds, with an average ox ida t ion  
l eve l  of [Ni(TMP)]+0*g3. The N i - N i  s epa ra t ion  of 3.466(3) 
8, (c /2)19 i s  about 0.2 A longer  than t h a t  found i n  
Ni(PC)I , l  and Ni(TBP)I.4 

Disordered cha ins  of t r i i o d i d e  ions  run p a r a l l e l  t o  
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The room-temperature value of t h e  e l e c t r i c a l  conduc- 
t i v i t y  along t h e  needle  a x i s  of  s i n g l e  crystals of Ni(TMP)I 
ranges from 40 t o  270 Q-lcm-l with an average va lue  of 110 
Q-lcm-l. This va lue ,  which is  comparable with va lues  found 
f o r  "organic metals" such as NMP-TCNQ (100-400 Q-lcm-l) ,20 
i s  i n  t he  same range a s  t h a t  of Ni(TBP)I (150-330 
Q-lcm-l) ,4 s l i g h t l y  lower than t h a t  of Ni(PC)I (260-750 
Q-lcm-l),l and an order  of magnitude l a r g e r  than t h a t  of 
t he  polaronic  conductor Ni(OhfTBP)I1&08 (4-16 Q-lcm-l) .7 
t h e  temperature i s  lowered from 298 K ,  t h e  conduc t iv i ty  
shows a metal- l ike increase  u n t i l  it reaches a maxiumum 
value  a t  a temperature Tm 3 115 f 10°K where t h e  conduc- 
t i v i t y  is approximately twice t h e  room-temperature va lue ,  
and then f a l l s  rap id ly .  For h e u r i s t i c  purposes i t  i s  use- 
f u l  t o  c a l c u l a t e  a c a r r i e r  mean f r e e  pa th ,  A # .  A t  room 
temperature,  X I I  fo r  Ni(TMP)I ranges from 0.07 t o  0.46 times 
the  intermolecular  spacing,  d = c/2.  
i s  i n d i c a t i v e  of a d i f f u s i v e ,  o r  hopping, conductor .  

As 

A va lue  of Ail/d < 1 

A t  298"K, t h e  sp in  s u s c e p t i b i l i t y  fo r  a s i n g l e  c r y s t a l  
of Ni(TMP)I is high ,  corresponding t o  . 0.3 per  macrocycle 
a t  298"K, and it  is e s s e n t i a l l y  temperature independent down 
t o  a t r a n s i t i o n  temperature of 28°K (Figure  3 ) .  

+ 
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Fig. 3. Temperature dependence of t h e  r e l a t i v e  sp in  suscep- 
t i b i l i t y  of Ni(TMP)I. 

A t  temperatures below the  t r a n s i t i o n ,  t h e  s u s c e p t i b i l i t y  
decreases  i n  an ac t iva t ed  fashion x exp(A/kT) with an 
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a c t i v a t i o n  energy, A/k - 60°K. 
(TMTTF)zX,~~ X = ClO4- ,  BF4- e x h i b i t s  magnetic behavior  t h a t  
i s  very similar t o  t h a t  of Ni(TMP)I, wi th  both a h igh  room- 
temperature  paramagnet i s m  and t emperature-independent 
s u s c e p t i b i l i t y  accompanied by a low-temperature t r a n s i t i o n  
t o  a s i n g l e t  ground s t a t e .  
Ni(PC)I1 systems, where the  measured paramagnetism i s  low 
( *  0.1 sp ins  per macrocycle compared wi th  i o n i c i t y  va lue  of 
0.331, t h e  observed temperature-independent s u s c e p t i b i l i t y  
was descr ibed  a s  Pau l i - l i ke  and fo r  i l l u s t r a t i v e  purposes 
was modeled i n  terms of a t igh t -b inding  band of nonin terac t -  
ing  e l e c t r o n s .  However, it c l e a r l y  i s  not appropr i a t e  t o  
d e s c r i b e  t h e  temperature-independent s u s c e p t i b i l i t y  of  
Ni(TMP)I (30°K < T < 298°K) i n  t h i s  fash ion  because a t  room 
temperature  t h e  e f f e c t i v e  s p i n  concen t r a t ion  i s  as h igh  as 
the  i o n i c i t y ,  p = 0.33. 

The organic  conductor  

In  t h e  Ni(TBP)14 and 

The f a i l u r e  of t h e  theory  most probably r e f l e c t s  i t s  
neg lec t  of e l e c t r o n  c o r r e l a t i o n  e f f e c t s .  The Hubbard 

is the  s implest  model t h a t  inc ludes  t h e  e f f e c t s  of 
t h e  on-s i te  Coulomb repu l s ion ,  U. With t h e  i n c l u s i o n  of a 
small  U ,  U/4t << 1, an enhanced P a u l i  paramagnetism i s  pre- 
d i c t e d .  The p r o p e r t i e s  of  t h e  (TMTTFIzX have been inter-  
p re t ed  i n  t h i s  manner. When U becomes very  l a r g e ,  U/4t >> 
1, t h e  sp ins  assoc ia ted  with t h e  c a r r i e r  behave as though 
they i n t e r a c t  by an ant iferromagnet i c  exchange i n t e r a c t  ion 
of  magnitude J - 4 t 2 / U ,  and a h igh  conduc t iv i ty  can  none- 
t h e l e s s  be a s soc ia t ed  with a l a r g e  and weakly temperature- 
dependent s u s c e p t i b i l i t y .  Employing t h e o r e t i c a l  
c a l c u l a t i o n s  fo r  such a case  we f ind  t h a t  an e f f e c t i v e  
exchange i n t e r a c t i o n  of J - 200 cm'l w i l l  reproduce t h e  
s u s c e p t i b i l i t y  d a t a  fo r  Ni(TMP)I reasonably well. The 
a n a l y s i s  i n  terms of an a n t i f e r r m a g n e t i c a l l y  coupled s p i n  
system sugges ts  t h e  p o s s i b i l i t y  t h a t  t h e  sharp  dec rease  i n  
t h e  s u s c e p t i b l i t y  of Ni(TMP)I at  28°K may be caused by a 
sp in-Peier l  s t r a n s  it ion. 

DISCUSSION 

Probably t h e  most unusual r e s u l t  t h a t  emerges from t h e  
comparison concerns the  na tu re  of t h e  charge c a r r i e r s .  In 
t h e  la rge- r ing  systems, a n a l y s i s  of  t h e  Ni(PC)I g- tensor  
showed t h a t  t h e  metal r e t a i n s  i t s  formal N i I I  o x i d a t i o n  
s t a t e ,  playing a secondary r o l e  i n  t h e  conduct ion process ,  
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and tha t  t h e  charge c a r r i e r s  a r e  assoc ia ted  with de loca l -  
ized n -o rb i t a l s  on t h e  macrocycle. However, t h e  g-value 
and l inewidth r e s u l t s  i nd ica t e  tha t  Ni(TBP)I and Ni(TATBP)I 
a r e  t h e  f i rs t  p a r t i a l l y  oxidized complexes i n  which t h e  
charge c a r r i e r s  exh ib i t  both metal  and l igand p rope r t i e s  and 
thus  these  complexes d i sp lay  a novel,  doubly mixed valence 
s t a t e .  The e l ec t ron  h o l e  c rea ted  by iod ine  oxida t ion  can 
c a r r y  charge by jumping between one Ni(L) u n i t  and i t s  
i n t r a s t a c k  neighbors,  and a l so  can jump between t h e  metal  
and the  macrocycle, t he  [Ni(L) 1' c a t i o n  i t s e l f  thus  
exh ib i t i ng  i n t  erconversion between t h e  e l e c t r o n i c  tautomers,  
[Nixl(L)+] and [NixI1(L) 1 .' 

The r e s u l t s  with Ni(TMP)I show t h a t  changing t h e  s i z e  
of t h e  conjugated molecular a-system a l s o  can s u b s t a n t i a l l y  
change the  cha rac t e r  of t he  charge c a r r i e r s .  The large-  
r i n g  systems, such as  Ni(PC)I appear t o  be u s e f u l l y  pic- 
tu red  by t h e  simple cons t ruc t ion  of a t igh t -b inding  metal  
with de loca l ized  s t a t e s  and wave-like conduction, a s  
suggested by t h e  r e s u l t  t h a t  X,,/d > 1. On t h e  o t h e r  hand, 
i t  seems c l e a r  t h a t  Coulomb c o r r e l a t i o n s  play a major r o l e  
i n  determining the  magnetic p rope r t i e s  of Ni(TMP)I and t h a t  
U/4t is g r e a t e r  f o r  t h i s  compound than for  Ni(PC)I o r  
Ni(TBP)I. It i s  also i n t e r e s t i n g  t o  compare Ni(TMP)I and 
Ni(OMTBP)I1.08. 
t h i s  l a t t e r  compound ind ica t e s  t ha t  i t s  unpaired sp ins  a r e  
h igh ly  l ~ c a l i z e d , ~  and r e q u i r e s  t h a t  Ni(OMTBP)I1,08 
represent  t h e  l i m i t  of very  weakly i n t e r a c t i n g  bu i ld ing  
blocks where Coulomb i n t e r a c t i o n s  dominate: 4t/U + 0. In 
t h i s  case ,  which is o f t e n  r e f e r r e d  t o  a s  t h e  "atomic l i m i t " ,  
a l a rge  va lue  of U/4t i s  obtained because poor intermolecu- 
l a r  over lap  and l a r g e  intermolecular  spacing (d = 3.78 A )  
between nonplanar macrocycles make t vanish ingly  small .  
Thus comparisons among t h e i r  physical  p rope r t i e s  show t h a t  
Ni(PC)I, Ni(TMP)I and Ni(0MTBP)I form an i so ion ic  series i n  
which Coulomb c o r r e l a t i o n s  are of progress ive ly  g r e a t e r  
importance, and t h a t  t he  r e l a t i v e  importance of t h e  corre-  
l a t i o n  e f f e c t s  can be modified i n  an understandable  fash ion  
through con t ro l l ed  charges i n  t h e  metallomacrocycle 
bui ld ing  blocks.  

The Curie- l ike s u s c e p t i b i l i t y  observed f o r  
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