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Communications to the Editor 
Polyacetylene Fibril Growth in Soluble 
Ziegler-Natta Catalysts 

Free-standing polyacetylene films prepared by using the 
soluble Ziegler-Natta catalyst Ti(OBu),/AEt3' are of great 
interest for they exhibit an electrical conductivity in the 
metallic regime, lo3 (a  cm)-', when doped with various 
donors or acceptom2q3 Scanning electron microscopy shows 
that the as-formed films consist of randomly oriented fi- 
brils with a diameter and an interfibrillar distance de- 
pending upon the polymerization conditions. 

of the polymerization at 
-78 "C showed that the number of active centers for po- 
lymerization of acetylene, which consists of Ti"' species, 
is only one part per thousand of the total amount of cat- 
alyst. The same study showed also that the kinetic 
equation of the reaction can be written as 

A detailed mechanistic 

Ri = d(C,H,)/dt = K[T~(OBU)~]~~~~[A~E~]~~~~[C~H~]~ 
where Ri is the initial reaction rate (i.e., initiation) and K 
is the reaction constant.' The morphology of the films and 
the fibril dimensions have a great effect on the properties 
of the polymer when it is doped with electron donors or 
acceptors, chemically or electrochemically.8 The doping 
process consists of the diffusion of the doping ion into the 
film and its fibrils with known diffusion rates under 
well-defined conditions. The homogeneity of the material 
is consequently affected by the diffusion factor, and 
therefore it is important to study the nature of the host 
polymer. 

The polymerization of acetylene using a concentrated 
solution of Ti(OBu),/A1Et3 in toluene ([Ti(OBu),] > 3 
mmol-L-') is a surface reaction in which the thickness of 
the film and the fibril diameter increase with the polym- 
erization time. 

The polymerization reactions are performed under 
vacuum at  -78 OC in toluene. The concentration of Ti- 
(OBu), is in the range 0.005-0.3 mol-L-l and the Al/Ti ratio 
is 4. The acetylene pressure is kept constant at 69 cmHg. 
The polymer films are washed repeatedly with toluene and 
dried under vacuum. The analysis of the polymer's 
morphology is performed by using scanning electron mi- 
croscopy. The film thickness is measured with a microm- 
eter with a very good reproducibility. 

This paper discusses the growth of the fibrils, the evo- 
lution of their size, and the interfibrillar distance in the 
films formed on the surface of the catalyst solution. The 
values given in Figures 1-3 are average values and a good 
reproducibility of these results is obtained only when the 
experimental conditions are kept constant during the po- 
lymerization reaction. 

Figure 1 shows the evolution of the film thickness with 
time with an error in the range of 1-5%. A rapid increase 
is obtained at the beginning of the polymerization, and 
then a slowing in the film growth is observed due to the 
diffusion of the acetylene gas through the film. A plateau 
is obtained after a given time, a t  a given thickness de- 
pending upon the concentration of the catalyst. During 
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Figure 1. Polyacetylene film thickness as a function of the 
polymerization time (catalyst aging time a t  rm = 1 h, [ T ~ ( O B U ) ~ ]  
= 0.02 mol.L-', Al/Ti = 4, PAc = 69 cmHg, t ,  = -78 OC). 
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Figure 2. Polyacetylene fibril diameter as a function of the 
polymer film thickness (catalyst aging time at  rm = 1 h, [Ti(OBu),] 
= 0.02 mol.L-', Al/Ti = 4, PAC = 69 cmHg, t ,  = -78 "C) .  

the growth of the film the fibrils grow and their diameter 
increases as the polymerization proceeds. 

It was reported4 that the fibril diameter is not a constant 
throughout the film's cross section; the fibrils existing in 
the part of the film that is formed at the beginning of the 
polymerization are larger than the ones existing in the part 
formed at the end of the polymerization. 

The variation of the cylindrical fibril diameter as a 
function of the film thickness is examined very closely as 
shown in Figure 2 by using scanning electron microscopy 
and transmission electron microscopy (for the first two 
values). From these results and those r e p ~ r t e d , ~  the in- 
crease in the fibril diameter can be explained by the ag- 
gregation of catalytic active centers onto the preformed 
fibrils by diffusion of the catalyst solution through the film. 
The growth of other chains on existing fibrils leads to the 

Table I 
Variation of Polyacetylene Film Density with the Concentration of Ti(OBu)* 

density, ecm" 0.05 f 0.01 0.22 f 0.02 0.28 f 0.02 0.38 f 0.05 0.55 f 0.05 1.00 f 0.05 
[Ti(OBu),], mol.L-* 0.006 0.02 0.1 0.25 0.3 10 
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Figure  3. Interfibrillar distance in polyacetylene films as a 
function of [Ti(OBu),] (catalyst aging time a t  rm = 1 h, Al/Ti 
= 4, PAC = 69 cmHg, t, = -78 "C). 

formation of larger fibrils. This process is mainly affected 
by the concentration of the catalyst solution, its aging time, 
and the polymerization temperature. 

An important characteristic in polyacetylene films is the 
variation of its interfibrillar distance with the experimental 
conditions of the reaction. The average distanceg between 
the fibrils throughout the film is measured on two-di- 
mensional micrographs assuming that the three-dimen- 
sional fibril growth on the surface of the Ziegler-Natta 
catalyst solution is homogeneous. A slight decrease in the 
interfibrillar distance is observed when the fibril diameter 
increases. The decrease in this parameter becomes sig- 
nificant when the catalyst concentration is increased as 
shown in Figure 3. These results can be explained by the 
increase in the number of the active centers on the surface 
of the catalyst solution which gives closer fibrils when the 
polymerization occurs. The data shown in Figure 3 are 
consistent with the density measurements performed on 
the same films (Table I). 

The last parameter is of importance, particularly when 
electrochemical doping of the polymer is involved. The 
surface area, which varies with the interfibrillar distance, 
is the main factor in determining the current density of 
polyacetylene batteries that have been studied and de- 
veloped for few years.'O 

In conclusion, the kinetics of growth of polyacetylene 
film and fibrils show that the experimental conditions of 
the polymerization are very important in the determination 
of the polymer density, porosity, and fibril diameter and 
have to be taken into account when it is doped and 
characterized. 

Registry No. Ti(OBu),, 5593-70-4; A1Et3, 97-93-8; poly- 
acetylene (homopolymer), 25067-58-7; acetylene, 74-86-2. 

References and Notes 
Ito, T.; Shirakawa, H.; Ikeda, S. J. Polym. Sci., Polym. Chem. 
Ed. 1974, 12, 11. 
Gau, S. C.; Milliken, J.; Pron, A.; MacDiarmid, A. G.; Heeger, 
A. J. J .  Chem. SOC., Chem. Commun. 1978, 662. 
Rolland, M.; Aldissi, M.; Schue, F. Polymer 1982, 23, 834. 
Aldissi, M.; Schue, F.; Rolland, M.; Giral, L. Polymer 1982,23, 
246. 
Aldissi, M. Ph.D. Thesis (Montpellier, France), July 1981. 
Aldissi, M.; Schue, F., submitted to Chem. Lett. 
The kinetic equation is obtained by varying each of the reac- 
tion parameters while the other parameters are kept constant. 
Aldissi, M.; Schue, F. Solid State Commun. 1984,50 (101, 885. 
The interfibrillar distance is an average distance taken in the 
middle of the cross section of films with comparable thick- 
nesses. 

0024-9297/84/2217-1634$01.50/0 

(10) Kaneto, K.; Maxfield, M.; Nairns, D. P.; MacDiarmid, A. G. J .  

Mahmoud Aldissi* 
Materials Science and Technology Division 

Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 

Franpois Schu6  
Laboratoire de Chimie Macromoleculaire 
USTL, 34060 Montpellier Cedex, France 

Received March 20, 1984 

Chem. Soc., Faraday Trans. 1 1982, 78, 3417. 

Kinetics of the Cooperative Complex Formation 
and Dissociation of Poly(acry1ic acid) and 
Poly(oxyethy1ene) 

The formation of complexes between poly(carboxy1ic 
acids) and polymeric hydrogen bond acceptors such as 
poly(oxyethy1ene) or poly(vinylpyrro1idone) in aqueous 
solution has been investigated over a number of years.' 
The association is a cooperative process; since there is only 
a small difference between the stability of hydrogen bonds 
of these polymers with the aqueous medium and the sta- 
bility of the interpolymer hydrogen bonds, a large number 
of the interpolymer bonds must form to yield a stable 
complex. Complex stability is thus a steep function of the 
length of the shorter of the interacting chains. 

In 1977, Anufrieva et  a1.2 showed that if one of the in- 
teracting polymers carries a fluorescent label, its dis- 
placement from the polymer complex by an unlabeled 
polymer can be monitored by the change in the depolar- 
ization of fluorescence. More recently, Chen and Mora- 
wetz3 studied the kinetics of such a "complex interchange" 
using poly(acry1ic acid) (PAA) labeled with the dansyl 
chromophore, which fluoresces very weakly in water but 
strongly in organic media.4 It was found that complexation 
of labeled PAA with poly(oxyethy1ene) (POE) leads to a 
large increase in fluorescence intensity. Displacement of 
labeled PAA from the complex by the unlabeled polymer 
could, therefore, be followed by the decay in the emission. 

We have now found that the change in fluorescence 
intensity of dansyl-labeled PAA when it participates in 
complex formation can also be used to follow the kinetics 
of complexation and of complex decomposition. Since 
these are relatively fast processes, a stopped-flow apparatus 
had to be used for their study. Unless stated otherwise, 
experiments were carried out a t  25 "C, at  pH 2.7, and in 
the presence of 1 M NaC1. Polymer complexation was 
studied by mixing 4 X N PAA labeled with 1.8 mol 
% of dansyl groups3 with an equal volume of a POE so- 
lution. Complex decompositions were followed after so- 
lutions of the dansyl-labeled complex were mixed with a 
buffer at  a pH at which the complex is known to be 
unstable. 

Complexation of PA4 with an excess of POE (molecular 
weight -20000) was found to be biphasic with the 
fluorescence intensity I varying with time t as 
In [ ( I  - I m ) / ( I o  - Im)l = 

Table I lists the parameters obtained at  various concen- 
trations of POE and at  various temperatures. Assuming 
that the fast process can be represented by a simple 
scheme 

eXp(-k,b,dt) -k (1 - a )  exP(-k'obsdt) 

k 
A + B & A B  

k-1 
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