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CONDUCTING, PARTIALLY OXIDIZED FLUOROMETAL PHTHALO- 
CYANINES* 

Kenneth J. Wynne** and Ronald S.  Nohr 
Chemistry Division 
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Washington, D.C. 

Received for publication September 18, 1981 

Phthalocyanine aluminum, gallium and chromium fluor- 
ides were prepared and doped with iodine to give 
(PcMFI ) 
0.048-I.? (M - Ga) and 0.12-3.3 (M = Cr). Thermo- 
gravimetric analysis proved useful for pdiae analysis 
as complete loss of I2 occurs below 250 C, leaving 
a PcMF residue. Raman and infrared spectroscopy were 
used to characterize the iodine-doped PcMF materials. 
Raman spectra (U = 514.5 nm) of (PcMFI,),-fhowed 
scattering attrzfutable to 13- (106-108 cm ) and 

(164-168 cm ), with the relative proportions of 3- t ese bands being a function of M and sample thermal 
history. Iodine doping results ingincreases in con- 
ductivity by factor_slas kfgh as 10 , with the highest 
conductivity (5 ohm cm ) being observed for 
(PcAlFI ) derived from sublimed (PcA1FIn. An 
appareng ‘ac P ivation energy for conduction of 0.17 eV 
was measured for (PcAlFI ) The crystal and 
molecular structure of PzGiF%as been determined and 
will be discussed in relation to the conductivity of 
the doped material. 

compositions, where x = 0.012-3.4 (M=Al), 

*This work supported in part by the Office of Naval 
Research. 

**To whom correspondence should be addressed at the 
Chemistry Division, Code 413, Office of Naval Research, 
Arlington, VA 22217. 
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244/[962] K. J. WYNNE and R. S. NOHR 

INTRODUCTION 

Organic, inorganic  and organometal l ic  materials which can 
be made highly conducting are of cons iderable  i n t e r e s t  
a s  new candidates  f o r  o p t i c a l ,  e l e c t r o n i c ,  pho toe lec t r i c  
and electrochemical  appl ica t ions .  Depending on t h e  per- 
spec t ive ,  phthalocyanines f a l l  i n t o  one or  more of t he  
above classes of materials. Because of t h e i r  thermal and 
hydro ly t ic  s t a b i l i t y ,  i n t ense  co lo r ,  and ready a v a i l a b i l i t y ,  
phthalocyanines have been t h e  sub jec t  of s tudy wi th  regard 
t o  t h e i r  ph toconducting, semiconducting and conducting 
p rope r t i e s  . ' s 3  For one composition, NIPcIl,o, d e t a i l e d  
s t r u c t u r a l  information is a v a i l a b l e  and metallic behavior 
has  been d e m o n ~ t r a t e d . ~  Conductive t h i n  f i l m s  of NiPc 
t r ea t ed  with iod ine  a t  e leva ted  temperatures have a l s o  
been examined, wi th  a view t o  t h e i r  u l t ima te  use as improved 
photosens i t izers  f o r  op toe lec t ron ic  devices .  
t o  i nves t iga t ions  on stacked phthalocyanines, work on 
bridged-stacked phthalocyanines ((MPcO) , M=Si, G e ,  Sn) 
has  shown t h a t  t h e  presence of a cent ray  atom-oxygen br idge  
does not prevent high conduct lvi ty .  Our i n t e r e a t  i n  t h i s  
a rea  began wi th  work on polymeric bridged-stacked f luoro-  
phthalocyanines, (PcMF)~, M = A l ,  G a ,  Figure 1, f i r s t  

I n  add i t ion  
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CONDUCTING FLUOROMETAL PHTHALOCYANINES [963]/245 

prepared by Kenney, e t  a l , 7  
materials can be doped wi th  iod ine  t o  produce h ighly  con- 
duct ing (PcMF Ix) compositions. This  work i s  summarized 
below together  wiPh new r e s u l t 8  on PcCrF and the  descr ip-  
t i on  of the  c r y s t a l  and molecular s t r u c t u r e  of PcGaF. 

We have shown t h a t  t hese  

RESULTS AND DISCUSSION 

The r eac t ion  of (PcMF)~ (M = A l ,  Gay C r )  w i th  iod ine  pro- 
duces highly conducting (PcMFI,), compositions. The rate 
and ex ten t  of r eac t ion  wi th  iod ine  is  q u i t e  dependent on 
PcMF p u r i t y  and r eac t ion  condi t ions.  A s  an  example, sub- 
limed PcAlF reacts with a sa tu ra t ed  pentane l lod ine  s o l u t i o n  
t o  g ive  [PcAlFI 
unsublimed P c A d ' i  maximum I / A 1  r a t i o  of 1.5 i s  obtained 
wi th in  24h. 

t e n t  are uns tab le  i n  vacuo and slowly lose iodine  over a 
per iod of days t o  weeks f i n a l l y  giving s t a b l e  compositions. 
Thus, the  composition (PcAIFII 4)n,  i n i t i a l l y  obtained 
from a solid-vapor r eac t ion ,  
(PcAlFI )n  a f t e r  two weeks i n  vacuo. (PcAlFI I n  
obta ine i .  hrom an iodinelheptane s l u r r y  r e a c t i o n t * ? s  a l s o  
unstable .  This  composition changes t o  (PcAlFI1. o)n a f t e r  

t o  constant  weight, most samples evolved small q u a n t i t i e s  
of iod ine  when s to red  a t  ambient temperature and pressure ,  
as evidenced by the  d i sco lo ra t ion  of t h e  polyethylene caps 
of t h e  s torage  v i a l s .  Compositions prepared by hea t ing  
(PCMFI )n  were much more s tab28 t o  loss of iodine. A t  
e levat3d temperatures (z. 250 C) under dynamic vacuum 
complete removal of iodine i s  e f f ec t ed  leaving  (PcMF) 
which was i d e n t i f i e d  by in f r a red  spectroscopy, e lemenfal  
a n a l y s i s  and TGA. 

1, i n  less than 5 min., while  w i th  

( P C M F I ~ ) ~  compositions containing maximum iod ine  con- 

6ses  iod ine  t o  form 

exposure t o  dynamic vacuum f o r  two weeks. pumping 

In f r a red  Spectra  

The in f r a red  spec t r a  f o r  undoped and l i g h t l y  iodine-dopsd10 
(PcMF) show c h a r a c t e r i s t i c  phthalocyanine absorp t ions .  ' 
A s  iodyne doping increases ,  t he  i.r. peaks become broad- 
ened and f i n a l l y  obscured due tol@flsuperposi t ion of 
e l e c t r o n i c  e x i t a t i o n  absorpt ion.  The i n t e n s i t y  of 
t he  e l e c t r o n i c  e x i t a t i o n  absorp t ion  inc reases  markedly i n  
t h e  v i c i n i t y  of 5-6% iodine  content .  
t he  rap id  rise i n  conduct iv i ty  near  t h i s  iod ine  doping 
level  and i s  cons i s t en t  with a semiconductor t o  conductor 
t r a n s i t i o n .  

This  c o r r e l a t e s  w i th  D
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246/[964] K. J. WYNNE and R. S. NOHR 

Raman Spectra 

Uman spectra  (ca. 70-600 cm-’ f o r  (PcA1FIxIn compositions 
are shown i n  Figure 2, while Figure 3 shows spectra f o r  
( P c M F I ~ ) ~  and (PcSiO11.38)n. Phthalocyanine r ing  peaks i n  
t h i s  region are ine ign i f i can t  compared t o  t h e  resonance 
enhanced polyiodide modes. A l l  (PcMFIx) n-famples exh ib i t  
intense sca t t e r ing  between 105 and 108 cm I n  view of 
previous spectroscopic s tudies ,  t h i s  band s assigned t o  
the I3 symmetric e t r e t ch in  fundamental. The moderately 
intense band a t  164-168 cm observed f o r  most ( P C M F I ~ ) ~  
compositions is assigned t o  I i n  a eement with earlie 
work on iodine doped macrocyc es 
could not be detected. 
the spectroscopic techniques u t i l i z e d  i n  t h i s  study, but 
p r io r  work on iodine-doped phthal c 
precedent f o r  the presence of I-. 

t i o n  of iodine with PcMF is dependent on PcMF pur i ty  and 
react ion conditions. 
s ens i t i ve  t o  these factors .  Thus (PcA1F13 3)n, prepared 
i n  heptane u t i l i z i n g  sublimed PcAlF, shows’strong 15- 
sca t t e r ing  (Figure 1, x - 3.3). I n  con t r a s t ,  P c A ~ F I ~ , ~ ,  

. 
- 13 

-P 
- 

3 3s6’p4. I2 (v = 207 cm -f ) 
Iodide cannot be detected by any of 

nines provides no 8, B 
It was noted above t h a t  the rate and extent of reac- 

The Raman spectrum is also q u i t e  

1 

Figure 2 .  Raaan spectra f o r  (PcAIFIx)n. Compositions 
where x = 2 . 7 ,  0.90, 0.44 prepared by sequential  
thermolysis of x = 3.3; x = 3.3, 0.85 prepared 
from I2/ hexane. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
32

 2
1 

Fe
br

ua
ry

 2
01

3 



CONDUCTING FLUOROMETAL PHTHALOCYANINES [%5]/247 

Figure 3 .  Raman spectra of (PcMFI ) compositions. x n  

prepared in vacuo from unsublimed starting material 
(Figure 3) shows a much stronger I.,- peak. These features 
are not fully understood, but the sensitivity of the anion 
identity to reaction conditions is clear. 

The Raman spectrum of (PcCrFI (Figure 3) shows 
that I - is the dominant iodine spkdes present.' When 
(PcCrF? )n compositions are heated, the I - and 1 - peaks 
attenuate at similar rates even at low ioaine dop%g levels. 
This stands in contrast to the behavior of (PcAIFIx)n 
compositions which (when x = 3.3, 12/heptane) show 
scattering for Is- > 13- (Figure 2) and rapid attenuation 
of I - scattering with a concomitant increase in I 
scatzering upon heating (Figure 2 ) .  3- 

Thermogravimetric Analysis 

TGA of (PcA1F13 3)n (Figure 4) reveals two distinct iodine 
weight loss prokesses centered a& 130 and 26SoC, with a 
less distinct process at ca. 145 C. These temperatures 
refer to the point in the differential TGA (DTGA) mode 
(Figure 4 ,  center section) where the rate of weight loss 
is maximum. 
(PcAIFIx)n, where x = 3.3 and 2.7, the thermograms 

Despite the contrasting Raman spectra for 
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248/[9661 K. J. WYNNE and R. S. NOHR 

(Figur: 4) d i f f e r  only i n  t h a t  a less prominent weight l o s s  
a t  130 C i s  observed f o r  x = 2.7. Theee r e s u l i s  i n d i c a t e  
t h a t  t h e  f i r s t  i od ine  weight 106s process  (130 C) is due 
p r inc ipa l ly  t o  decomposition of Is- t o  I.,-. 

O r  

I I I 0 1 0 0 1 0 0 3 0 0  0 100m500 0 1 0 0 2 0 0 3 0 0  

Figure 4 .  TGA ( l e f t )  and DTGA curves f o r  (PcAIFIx)n and 
(PcGaFIl,O)n. 
p repa ra t ive  methods. 

See Figure 2 capt ion  f o r  

Addit ional  con t ro l l ed  thermolysis  b r ings  about lower 
iodine doping levels, (PcAlFI 9)n, f o r  which a much 
diminished low temperature io8 ine  weight loss is seen. 
Examination of t h e  DTGA curves shows t h a t  t h e  peak corres-  
ponding t o  t h e  temperature of maximum I2 weight l o s s  
gradual ly  broadgns and s h i f t s  t o  h igher  temperature. 
shoulder a t  145 C becomes obscured i n  t h e  broad low tem- 
perature weight l o s s  peak. I n  view of t h e  growth of t h e  
I - peak i n  the  Raman spectrum and t h e  continued b u t  
s h f t e d  low temperature weight loss f e a t u r e  i n  t h e  DTGA 
curves, i t  appears  that two forms of 13- are present  i n  
compositions such as (PcAlFI ) . The lo; temperature 
form would account f o r  t h e  sk818er a t  145 C observed f o r  
(PcAlFI 
s t an t i a2 '  ~ O W  temperature iod ine  weight l o s s  f o r  compositions 
whose Raman spec t r a  show weak Is- s c a t t e r i n g .  

The 

)n  and would account f o r  t h e  pe r s i s t ance  of sub- 
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CONDUCTING FLUOROMETAL PHTHALOCYANINES [9671/249 

TEMPERATURE ‘CI 

Figure 5. DTGA curves for (PCMFI~)~. 

(PcSiOI 3)n, prepared by the reaction of (PcSiO)n, 
with iodine $ti heptane, was examined by TGA so that compari- 
sons of the thermal stability of these highly conducting 
materials and their A1-F and Ga-F linked analogs could be 
madeb A low temperature (-80°C) and high temperature 
(300 C) loss of iodine were observed for (PcSiO11,3)n 
(Figure 5). 
which showed only in the presence of I -. 
certain (PcAIFIx)n compositions, (PcSidI )n compositions 
prepared by the solution method contain %wo thermally 
distinguishable forms of Ig-. 
can be removed by thermolysis to give highly stable 
(PcSiOI )n compositions. 
stability is made among the compositions with greatest 
thermal stability, i.e., those compositions where “low 
temperature weight loss” iodine has been removed, it is 
seen that Si -0  linked systems are considerably more stable 
than those containing A1-F and Ga-F backbones. 

Raman spectroscopy confirmed earlier results 
Thus, as for 

- The “low temperature” I3 

If a comparison of thermal 
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25049681 K. J. WYNNE and R. S. NOHR 

Conductivity S tudies  

For iod ine  doped PcAlF and PcGaF conduct iv i ty  rises rap id ly  
with increas ing  iod ine  conten t  u n t i l  I / M  equals  0.4 - 0.6, 
then rises more slowly wi th  inc reas ing  iod ine  content .  The 
h ighes t  iod ine  dopant levels g ive  higher  conduct iv i ty  f o r  
Al VB. Ga. 
inter-phthalocyanine r i n g  spacing for G a  ve r sus  A19 and 
provides evidence t h a t  t h e  conductive pathway is through a 
conduction band generated by in t e r - r ing  p i - o r b i t a l  over ap. 

cm-l) w a s  ( P c A ~ F I ~ . ~ ) , ,  prepared from sublimed PcAlP. 
Act ivat ion energ ies  f o r  conduct iv i ty  were in  t h e  range of 
0.02-0.05 eV f o r  iod ine  doped PcAlF and PcGaF. 

Iodine doped PcCrF showed similar behavior. Figure 6 
shows t h a t  conduct iv i ty  rises r a p i d l y  at  low iod ine  doping 
levels t o  a maximum of about 0.5 ohm’l cm-l f o r  
(PcCrFIO 5) . Much high doping l e v e l s  could be achieved 
( t o  x - 3.57, but conduct iv i ty  was not  ma te r i a l ly  enhanced. 
15- is the  p r i n c i p a l  an ionic  spec ie s  present  i n  t h e  
(PcCrFh),), materials (Figure 3). Upon heat ing ,  15- and 
13- peaks decrease i n  i n t e n s i t y  monotonically and no 
enhancement of 13- was observed a t  lower doping levels. 

This  observat ion c o r r e l a t e s  wi th  the  g r e a t e r  

The composition having t h e  h ighes t  conduct iv i ty  ( 5  ohm- i 

0.1 0.6 1 .o 20 2 6  3.0 3 
llCr 

6 

Figure 6.  Conductivity ve r sus  iod ine  doping l e v e l  f o r  
(PcCrFIx) n. 
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CONDUCTING FLUOROMETAL PHTHALOCYANINES [969]/251 

(PcCrFI,), compositions have moderate thermal stability, 
with all iodine being lost by about 2OO0C (Figure 5). 

Structure of PcGaF 

During the course of purifying PcGaF by vacuum sublimation, 
crystals suitable for an x-ray crystallographic study were 
obtained. In view of the paucity of structural data in 
this area and the unique structure proposed for PcMF 
compounds, we obtained a single crystal x-ray structure 
determination ,for PcGaF. 14 

The structure of PcGaF is shown in Figures 7 and 8. 
Gallium is octahedrally coordinated by four nitrogen and 
two fluorine atoms. The gallium atom is at an inversion 
center and thus the trans Ga-F and trans Ga-N bonds, 
respectively, have identical bond distances. Another 
consequence of the inversion center is the location of the 
fluorine atoms in a symmetric bridging position (Ga-F = 
1.936g). Thi symmetric bridging is imilar to that found 
in (MnP~Pc)20'~ and [Me(OSiMe3) 2SiPclg and supports the 
symmetrically bridged structure proposed for other PcMF 
and PcMO ComDounds. 

Figure 7 .  The structure of PcGaF. Some important distances: 
Ga-F(1), 1.936(1); Ga-N(l), 1.969(2>; Ga-N(2) 
1.970( 2). 
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K. J. WYNNE and R. S. NOHR 

Figure 8. A view of the unit cell which 
shows molecular stacking. 

An unusual feature of the present structure is that 
the Pc rings are eclipsed. 
which Pc rings are collinearly stacked, the rings are 
staggered. 
eclipsed structure is found for IMe(0SMe )2SiOSiPcO]2SiPc, 

rings. Other s c d phthalocyanines are staggered at 
ca. 40' or more. 

Considering that conductivity occurs through a con- 
duction band formed by the overlap of the Pc rings, it is 
surprising that thelcoEfuctivity of iodine doped PcGaF is 
high (a - 0.12 ohm cm 
in view of the relatively largeleing separation observed 
for pristine PcGaF (3.872(2)&. The somparable compac- 
tion value for NiPcI is 0.7 ohm- Cm' , where the ring- 
ring separation bod* Brom a single crystal x-ray structure 
is 3.244(2)8. 
stacked gallium materials could be explained by assuming 

In all prior structures in 

The closest approach to a collinearly stacked 

where @e central ring is rotated by 15.9 a to the terminal 
€!3,!7 

(compacted pellet) for PcGaFIO 93) 

The high conductivity for the bridge- 
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CONDUCTING FLUOROMETAL PHTHALOCYANINES [971]/253 

t h e  ec l ip sed  r i n g  s t r u c t u r e  €or  PcGaF p e r s i s t s  i n  t h e  
p a r t i a l l y  oxidized material. 
lost due t o  increased in t e r - r ing  sepa ra t ion  may be made up 
i n  l a r g e  p a r t  by the  ec l ip sed  r i n g  conformation. 
con t r a s t ,  NiPc'flS0 has  a n  in t e r - r ing  r o t a t i o n  of 40 , and 
d e s p i t e  a shor t  i n t e r - r ing  sepa ra t ion  t h e  conduct iv i ty  is 
only modestly b e t t e r  than PcGaFIo. 93 due t o  t h e  s taggered 
conformation. 

compositions are highly conducting. 
s t a b i l i t y  with regard t o  l o s e  of iod ine  compared t o  iod ine  
doped (PgSiO) , which is except iona l ly  thermally s t a b l e  
(ca. 280 C ) ;  Fut because t h e  polymer cha in  is l inked  by 
coord ina te  covalent  bonds i n  (PcMF)~, t hese  materials can 
be sublimed and doped t o  g ive  conducting t h i n  f i lms .  The 
conduct iv i ty  of ( P C N F I ~ ) ~  is comparable t o  t h e  SiO 
l inked  analogs d e s p i t e  a g r e a t e r  i n t e r  l a n a r  r ing-r ing 

may be due i n  p a r t  t o  t he  c a p a b i l i t y  of p u r i f i c a t i o n  of 
(PcMF)~ by subl imat ion v i c e  (PcSiO) 
t a b l e ,  and i n  p a r t  t o  an ec l ipsed  r h g  s t r u c t u r e  which 
seems l i k e l y  a t  least f o r  (PcGaFIxln. 

Thus t h e  in t e r - r ing  over lap  

Tg 

I n  summary, we  have shown that iodine-doped (PcMF)~ 
They have lower thermal 

separa t ion  f o r  PcMF (by ca. 0.3 - 0.5 !i 1. This  f e a t u r e  

which is less trac- 
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