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ENFORCED SEGREGATED STACKING IN METALLOMACROCYCLIC 
"METALS." NEW INFORMATION ON PHTHALOCYANINE DONOR- 
ACCEPTOR INTERACTIONS 

TAMOTSU INABE+, CARL R. KANNEWURF*, JOSEPH w. LYDING*, 
MICHAEL K. MOGUEL+, AND TOBIN J. MARKS+,* 
Department of Chemistry, Department of Electrical 
Engineering and Computer Science, and the Materials 
Research Center, Northwestern University, Evanston, 
Illinois 60201. 

Abstract The chemical, structural, optical and elec- 
trical conductivity characteristics of the cofacially 
joined metallophthalocyanine polymer [Si(Pc)O], are 
probed in response to incremental doping b organic 
(di chlo rodi cyanoquinone ) and inorganic (NOLF 4-, NO*F 6-) 
oxidants of greatly differing structural and electronic 
characteristics. The achievable degree of partial 
oxidation, the homogeneity of the doping process, and 
the macroscopic mechanism of charge transport appear to 
be remarkably similar. 

INTRODUCTION 

A major problem in the rational synthesis of molecular 
metals1 has traditionally been control of the crystalliza- 

tion architecture. Failure to maintain certain essential 
(and delicate) spatial relationships in the mixed valent 

donor/acceptor crystal invariably leads to insulators. 
recently showed that the cofacial assembly strategy2 (eq. 

(1)) offers a unique and powerful approach to the control of 

We 
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356 INABE et al. 

molecular stacking and crystallization architecture in low- 

dimensional molecular materials composed of arrayed metallo- 

macrocycles. Moreover, it offers the promise of rat ionally 

evolving an almost infinite variety of conductive macromole- 

cules composed of well-characterized, robust, chemically 

versatile building blocks and possessing well-defined pri- 

mary and secondary structures. For systems where the metal- 

lomacrocycle is a phthal~cyanine~ (4) s M=Si,Ge, and X-0 

I u 

([M(Pc)O],, n W 50-2001, we have shown2s4 via a battery of 

physicochemical techniques, that doping with Br2 and 12 

results in electrically conductive, ligand-oxidized, proces- 

sable5 polymers with impressive air and thermal stability. 

Furthermore, the doping process is inhomogeneous, and the 

crystal structures of the fully doped polymers { [M(Pc)O]- 
Brl,l)n and {[M(Pc)OII1.1), are essentially isostructural 
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ENFORCED SEGREGATED STACKING 351 

with the tetragonal "molecular metal" Ni(Pc)16, differing 
principally in the M(Pc)-M(Pc) interplanar spacing 

(3.244(2)A, M=Ni; 3.30(2)W, M=Si; 3.48(2)A, M=Ge). This 
structural effect is clearly evident in the magnetic 

susceptibility, optical reflectivity (and the bandwidths 
derived therefrom), as well as in the d.c. charge trans- 

~ o r t . ~ ~ , ~  
sively as X3- in these materials, the degree of incomplete 

charge transfer, p ,  is, within experimental error, almost 
independent of metal and halogen dopant, i.e., p X O . 3 3 ,  

M=Ni; ~0.36, M=Si; 0 . 3 6 ,  M=Ge. 

Since halogen is present largely if not exclu- 

The power of the cofacial assembly strategy, however, 
lies beyond what can be ascertained with halogen dopants. 
Because segregated donor-acceptor crystallizaton is rigor- 

ously enforced by the covalent nature of the polymetallo- 
macrocycle array, it is now possible to delve into the 

nature of various donor-acceptor relationships without 
disrupting the structure of the charge-carrying molecular 
spine. Thus, a whole new range of donor-acceptor combi- 
nations and experiments becomes possible. In this report we 
describe the type of information which can be garnered from 
the [M(Pc)O], materials, using the Ni(Pc) system as a point 

of reference. We first illustrate the structuralfoxidation 
statefcharge transport effects of using a large, spatially- 

demanding organic dopant molecule. Next, we inquire whether 
acceptor molecules which are less spatially-demanding than 
Br3- and 13- might bring about a greater degree of partial 
oxidation in the doped [M(Pc)O], polymers. 

EXPERIMENTAL 

The polymers [Si(Pc)O]n and [Ge(Pc)OIn were prepared as 
described elsewhere,4a while Ni(Pc) was freshly sublimed, 
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358 INABE et al. 

and DDQ (dichlorodicyanoquinone) was recrystallized from 
benzene. Doping of the polymers with DDQ was carried out 

in benzene, while doping with NO+BF4- and NO*Fb' was 
carried out in dry CH2C12 using rigorously anhydrous/ 
anaerobic Schlenk/glove box techniques. 
ments were performed with the instrumentation described 
previously .4asb 

Physical measure- 

ORGANIC DOPANTS 
Iodine doping of Ni(Pc) produces Ni(Pc)I, the crystal struc- 

ture of which consists of stacks of N~(Pc)+O'~~ radical 
cations and parallel 13- chains .6 

in the stacking direction (Figure 1) is "metal-like'' 
(da/dt<O) and reminiscent of a number of low-dimensional 

Charge transport behavior 

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 8 3 5 0  
Temperature (K) 

FIGURE 1, Variable temperature four-probe electrical 
conductivity of a typical Ni(Pc)I crystal in the needle 
axis (molecular stacking) direction (from reference 7) .  
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ENFORCED SEGREGATED STACKING 359 

halogen-doped organochalcogen conductors. 9 9 Room temper- 
ature single crystal conductivities are as high as 650 

Q-lcm-’, while conductivities of compressed polycrystal- 
line powders are on the order of 5 Q-’cm-‘. 

doping Ni(Pc) with organic acceptors such as DDQ, TCNQ, 
etc., results in insulators (a(powder) X Q-lcrn-’). IS 
this a dopant structural or electronic effect? 

In contrast, 

To answer this question, doping experiments were con- 
ducted with [SI(PC)O]~ and a variety of high potential 
quinoid acceptors. In all cases,2a large increases in 
[si(P~)o]~ electrical conductivity were measured after 

doping. 

reveals several interesting features. As can be seen in 
Figure 2, the dependence of conductivity upon dopant stoi- 

An in-depth study of the { [Si(Pc)O]DDQy), system 

10’’ 

1U+ 

b 
1 Ud 

10” 

L I 

0.0 at a2 0.3 a4 
Y 

FIGURE 2, Electrical conductivity as a function of 
dopant level for polycrystalline { [ Si(Pc)O]DDQyIn 
samples. 
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360 INABE et al. 

chiometry is s i m i l a r  t o  t h a t  found i n  halogen d ~ p i n g . ~ b  I n  

t h e  la t ter  systems, such a f u n c t i o n a l  dependence could be 

assoc ia ted  wi th  a pe rco la t ion  mechanism f o r  p o l y c r y s t a l l i n e  

charge t r anspor t  ,4b*8 cons i s t en t  wi th  t h e  inhomogeneous 

na ture  of t he  halogen doping process.  Pre l iminary  X-ray 

powder d i f f r a c t o m e t r i c  s t u d i e s  of t h e  { [ Si(Pc)O]DDQy), 

system i n d i c a t e  t h a t  t h e  quinone doping is  inhomogeneous a s  

w e l l .  As t o  t h e  s to ich iometry  of DDQ doping, i t  has so f a r  

been impossible t o  inc rease  y beyond ca. 0.37, even us ing  

excess DDQ, long r e a c t i o n  times, high temperatures ,  and 

sonochemical doping methodology. Making the  reasonable  

assumption2a t h a t  t h e  quinone is l a r g e l y  p re sen t  as DDQ-, 

it i s  concluded t h a t  aga in  p x 0.37 f o r  t he  [Si(Pc)Oln 

system. 

II I I 1 1 I 1 
4000 3000 2000 1800 1200 800 400 

Wavanumberl ( e m 0  

FIGURE 3. Transmission i n f r a r e d  s p e c t r a  of {[Si(Pc)O]- 
D D Q ~ ) ~  materials as Nujol mulls. A. yp0.0 B. ym0.25 
C. ~ 1 0 . 3 7 .  
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ENFORCED SEGREGATED STACKING 36 1 

Transmission infrared spectra for various 
{[Si(Pc)O]DDQy), materials are illustrated in Figure 3. 

The characteristically broad carrier electronic absorp- 
t i ~ n ~ ~  is clearly evident. 
obscures unambiguous identification of the DDQ- vibrational 

modes. Quinone radical ion spectral features have, 
however, been identified in less conductive quinone-doped 
[Si(p~)o]~ materials.2a 

Unfortunately, this phenomenon 

In Figure 4 are shown variable 

y-0.12 - ** * 

FIGURE 4. 
conductivity data for several polycrystalline 
{ [Si(Pc)O]DDQy), samples. 

Variable temperature four-probe electrical 

temperature conductivity data for several { [SI(Pc)O]DDQy)n 
stoichiometries. The functional form of the u vs. T plots 
and the dependence upon doping are strikingly similar to 
the { [M(Pc)O]Iy) materials.4b 
dependence of the transport could be fit to a fluctuatlon- 

In that case the temperature 
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362 INABE et al. 

induced carrier tunnelling mechanism in which the tunnel- 
ling is through parabolic potential barriers .4a,9 
find that -[ln(o/a0)]-' vs. T plots are also linear for 
{[Si(Pc)O]DDQy), materials having a broad range of y 

values. 

We 

TETRAFLUOROBORATE AND HEXAFLUOROPHOSPHATE COUNTERIONS 
The use of nitrosyl salts (~09-1 as electron transfer 
reagents offers a clean chemical means of oxidizing various 

organic SubstrateslO (eq.(2)). For doping the [M(Pc)O], 

polymers, the smaller spatial requirements of counterions 

such as BF4- and PF6- as opposed to those of the larger 

Br3-, 13-, and DDQ- ions suggested that counterion packing 
requirements would be less likely to inhibit bringing the 

metallomacrocyclic array into a higher degree of partial 
oxidation. Surprisingly, however, when [Si(Pc)0ln doping 

is carried out under a.variety of conditions, the maximum 
dopant levels achieved are 

{ [si(P~)O](PF6)0.32)~. 
0.35 oxidation state lies at the bottom of a relatively 

steep energetic minimum. 
reveals that [Si(Pc)O], doping by NO'BF4' and NO+PF6- is 

also inhomogeneous. Structurally, the BF4' and PFg- 
polymer salts appear closely related to the 13- and Br3- 
analogues.4b 

data is compatible with a tetragonal lattice where the 
principal departure from the halogen-doped crystal struc- 
ture is in the periodicity along 2, as might be expected 
(the BF4- and PFg- will not completely fill the available 

[SI(PC)O](BF4)0.36In and 
Again, it appears that the p x 

X-ray powder diffractometry 

A preliminary analysis of the diffraction D
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ENFORCED SEGREGATED STACKING 363 

“ tunnels“  extending p a r a l l e l  t o  2). 
In terms of e l e c t r o n i c  s t r u c t u r e  and charge t r a n s p o r t ,  

t h e  u versus y func t iona l  dependence of t h e  {[Si(Pc)O]- 

(BFq)y}n and { [Si(Pc)Ol (PF6)y}n materials is similar t o  

t h a t  f o r  t h e  halogen- and DDQ-doped polymers. Var iab le  

temperature conduct iv i ty  d a t a  a r e  presented  i n  F igures  5 

l o o  

10” 

7 lo3 
E 

b 
lo* 

2 6 10 14 18 22 
1UUU/T (K 

FIGURE 5. Variable  temperature four-probe e l e c t r i c a l  
conduct iv i ty  da t a  €or  two p o l y c r y s t a l l i n e  { [Si(Pc)O]- 
(BF4)y)n samples. 

and 6. 

dependence, t h e  t r anspor t  behavior of t hese  materials is  

c lose ly  analogous t o  t h a t  of t h e  { [ S ~ ( P C ) O ] I ~ ) ~  and 

It can be seen  t h a t  i n  magnitude, shape, and y 
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364 INABE et al. 

10'' 

b 
104 

10-7 I ,  

2 6 10 14 18 22 

FIGURE 6. 
conductivity data for two polycrystalline samples of 

Variable temperature four-probe electrical 

{ [Si(PC)OI (PF6)y)n. 

{[(Si(Pc)O]DDQy}n substances. Again, plots of 
-[ln(u/~~)]-~ vs. T are linear. 
transmission infrared spectra of the BF4- and PF6- salts 
also exhibit the strong electronic features noted pre- 

viously (e.g., Figure 3 ) .  

a plasma-like edge in the infrared, as seen for 

Not surprisingly, 

Reflectivity measurements reveal 

{[Si(PC)OlI~.~}.4b 
Is the rigorously enforced metallophthalocyanine 

stacking a requisite for producing highly conductive 
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ENFORCED SEGREGATED STACKING 365 

materials via NOhF4- and NO%’F6- doping? 
appears to be, surprisingly, no. Doping of Ni(Pc) with 

these oxidants yields materials of maximum dopant stoichio- 
metry Ni(Pc)(BF4)0.34 and Ni(Pc)(PF6)0.36. It can be seen 

that the stability of the p NN 0.35 oxidation state is not 
appreciably modified by the greater structural flexibility 

of the molecular system. In Figure 7 are shown variable 

The answer 

FIGURE 7. Variable temperature electrical conductivity 
data for polycrystalline samples of Ni(Pc)(BF4)0.34 and 
Ni (pc) (PF6 10.36 

temperature conductivity data for two of the fully doped 
NI(Pc) salts. 
temperature dependence are similar to polycrystalline 

The magnitude of the conductivities and their 
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366 INABE et al. 

samples of Ni(Pc)I .  

it is not poss ib le  t o  immediately exp la in  t h e  observed d i f -  

ferences i n  conduct iv i ty  between Ni(Pc)(BF4)0,34 and 

Ni( Pc) (PFg)o, 36, a l though coun te r ion f t r anspor t  e f f e c t s  , 
well-documented i n  t h e  (TMTSF)zX series,ll appear t o  have a 

s t r u c t u r a l  bas i s ,  and should not be considered u n ~ s u a l . ~  

Without more s t r u c t u r a l  information,  

CONCLUSIONS 

I n  regard t o  the  doped [M(Pc)O], series as prototype 

e l e c t r i c a l l y  conduct ive polymers, it appears  t h a t  doping 

inhomogeneity and t h e  charge t r anspor t  mechanism a r e  rela- 

t i v e l y  cons tan t  over a f a i r l y  wide range of acceptor  dopant 

types.  

phthalocyanine "metals", t h e  r e s u l t s  f o r  t he  [M(Pc)O]n 

series underscore t h e  r a t h e r  dopant - insens i t ive  s t a b i l i t y  

of the  p % 0.35 p a r t i a l  ox ida t ion  state and t h e  f r a g i l i t y  

of the  s t ack ing  a r c h i t e c t u r e ,  hence the  molecular metallic 

state, i n  t h e  absence of c e r t a i n  types  of dopants and of 

r igorous s t r u c t u r a l  con t ro l .  

As keys t o  b e t t e r  understanding low-dimensional 
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