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Abstract. Poly(3-dodecylthiophene) with a fractal pattern has been prepared by an elec- 
trochemical method on the surface of a solution. The fractal dimension has been calculated 
by four methods. At an applied voltage of about 10 V, the fractal dimension indicates a 
maximum value of 1.79. The growth rate in the radial direction has a maximum value at 
about 7.5 V and the conductivity in the iodine doped state is a maximum for the sample 
prepared at a voltage of about 15 V in accordance with the voltage dependence of fractal 
dimension. Although the conducting polymer is usually doped by the counter-ion, BF; , in 
polymerisation an undoped region has been observed in the branches of the conducting 
polymer at high voltage. The time dependence of the fractal dimension has been calculated 
and the rise time has been found to depend on the applied voltage. By short circuiting 
the electrode after the polymerisation, the undoped region in the branch has proceeded 
concentrically from the tip of the growth to the needle electrode. 

1. Introduction 

Conducting polymers with highly extended conjugated molecular structure have 
attracted much interest from both fundamental and practical viewpoints, since they 
demonstrate various interesting properties [ 1,2]. Many new conducting polymers have 
been synthesised and various types of applications of conducting polymers have also 
been proposed [3,4]. 

The electrochemical polymerisation method has been proved to be a useful one for 
preparing uniform and flexible conducting polymer films which are easily doped and 
undoped electrochemically. The characteristics of these conducting polymers are influ- 
enced by the polymerisation conditions which depend on the kind of conducting polymer 

Recently, poly(3-alkylthiophene) has been reported to be soluble in some solvents 
[7-91 and to be fusible at relatively low temperatures [lo, 111. When poly(3-alkylthio- 
phene) was electrochemically prepared in certain conditions with the parallel electrode 
configuration, it grew on the anode as a film and at the same time, different, tree-like 
conducting polymer grew from the edge of the anode to the cathode. This pattern was 
similar to that of electrical tree deterioration in an insulating polymer. We, therefore, 
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Figure 1. The molecular structure of poly(3- 
dodecylthiophene) . 

Figure 2. Experimental configuration 

investigated this polymerisation process with point-to-circle electrode configurations. 
The pattern obtained is the same as that of a Lichtenberg figure [ 121, an electrodeposited 
zinc metal leaf [13-151, a viscous finger [16], or a diffusion-limited aggregation (DLA) of 
particles [17] all of which are characterised by a fractal dimension. Therefore, these 
growing patterns in the polymerisation process are analysed by fractal geometry [ 181. A 
conducting polymer is synthesised from two components under some potential. One is 
a neutral monomer and the other is an anion. The analysis method applied to zinc 
and copper depositions [19-221, therefore, apparently cannot be simply applied to 
conducting polymers. The patterns found in conducting polymers in the present work 
are described as fractal. 

In this paper, we report the growth process and physical properties of poly(3- 
dodecylthiophene), and discuss the growth mechanism using the analysis of the fractal 
dimension calculated by several methods. 

2. Experimental details 

Poly(3-dodecylthiophene) shown in figure 1 was prepared in an electrolyte solution 
(0.2M LiBF4 in benzonitrile with 0.1 M 3-dodecylthiophene) under argon atmosphere. 
The experimental configuration is shown in figure 2. A platinum needle (0.5 mm in 
diameter) and a nickel ring (7 cm in diameter, height 1 cm, thickness 0.2 mm) were set 
concentrically in a cell as the anode and cathode, respectively. Electrolyte solution was 
poured into the cell to a depth of about 3 mm. Total charges for the synthesis were 
measured with a Coulomb meter (Hokuto denko, HF-201). The conductivities of the 
iodine-doped polymers were also measured by the four-probe technique. The con- 
ducting polymer prepared was then put in a vacuum. The doping was carried out by 
exposing the sample in vacuum to I2  vapour until an equilibrium state was established. 
Though the iodine content was not determined, all samples were doped under the same 
conditions. The experiment was observed with a scanning electron microscope (JEOL, 
' 

Several photographs of prepared polymers wers taken at successive stages of growth 
and were digitised with an image scanner. The digitised structures were then transferred 
onto a computer (NEC PC-9801VM) for analysis to determine the fractal dimension 
and were displayed on the CRT. The fractal dimensions were computed using four 
methods [23,24]. 

(i) Cover method. The figure is covered with a number of squares with side r in  units 
of one pixel. In order to obtain the least number of squares, N ( r ) ,  the origin of the 

JSM-T20). 
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Figure 3. Growing process of poly(3-dodecylthiophene) at 15 V. Time and total charge; (a) 
1 min 10s,0.033C;(b)2min00s,0.063C;(c)3min00s,0.111 C;(d)3min40s,O.l57C; 
(e) 5 min 02 s, 0.220 C; (f) 6 min 00 s, 0.255 C; (g) 8 min 00 s, 0.300 C; and ( h )  11 min 00 s, 
0.353 C. 

coordinates is shifted up and down, and right and left every one fifth pixels of the side 
and 25 times in all. A double logarithmic plot of N(r )  versus r has slope - D in a fractal 
figure and D is called the fractal dimension. 

(ii) Density-density correlation function method. This correlation function, C(r) ,  is 
computed using the density function which corresponds to the pixels in the range 
occupied by the figure on the CRT, where r is the distance measured in pixel units. When 
thiscorrelation function obeys apower law, C(r)  - r-*,  the fractal dimension isobtained 
from the relation, D = d - A ,  where d is the Euclidean dimension and A is the absolute 
value of the slope. 

(iii) Radius of gyration (Hausdorff method using a circle box). The number of pixels 
of the figure, N ( r ) ,  is counted and the radius of the figure, r ,  is measured at each stage. 
In the fractal figure the relation, N ( r )  - r”,  is valid. 

(iv) Charge during the polymerisation. The total polymerisation charge, Q(t) ,  is 
proportional to the polymer mass. If the thickness of the structure is constant, then the 
fractal dimension is obtained from the relation, Q ( t )  - tD, where t is  time. 

In addition, the average of the branch angles was measured. 

3. Results and discussion 

Figure 3 shows the growth process of poly(3-dodecylthiophene). The polymer floated 
on the surface of the solution and grew to the counter electrode with branching. At first, 
the conducting polymer started to grow on the surface of the needle electrode. At the 
same time, polymer sheets grew, spread and branched out on the surface of the solution. 
We have previously reported that a tree-like polymerisation pattern was also observed 
in polypyrrole [25],  however, in the case of polypyrrole, it grew in the solution or along 
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the bottom of the cell contrary to poly(3-dodecylthiophene). The difference of the 
growth pattern and of the position where the conducting polymer was formed depend 
not only on the chemical reaction process but also on physical properties such as specific 
weights of the monomer, polymer, electrolyte and solvent etc. The concentration of 
monomer and electrolyte also influence the growing pattern. 

Although the mechanism of electrochemical polymerisation is not clarified in detail, 
the dynamics of the polymeric growth is explained as follows. In the initial stage of 
polymerisation, an electron is removed from the 3-dodecylthiophene monomer to the 
electrode. The resultant radical cation encounters another radical monomer or oligomer, 
and then loses two alpha hydrogens. This process is repeated. At the same time, the 
poly(3-dodecylthiophene) chains are oxidised by the counterion, BF; , which acts as a 
dopant. The polymer, therefore, has a good conductivity and acts as a new electrode. 
The polymerisation reaction may depend on the rate of diffusion of monomer and 
counter-ion to the region of the electrode, the electrical potential at the tip of the grown 
conducting polymer, and the conductivity of the polymer etc. 

The patterns formed on the surface depended on the applied voltage. It should be 
noted that at higher applied voltage, the colour of the polymer branches changed 
from blue to brown in the growth process (black regions in figure 3(c)-(h)). The blue 
conducting polymer is in the doped state during the polymerisation reaction. This colour 
change suggests that undoping has occurred in some branches. Although the undoped 
state is a higher insulating state, the growth of polymer does not stop. In general, to 
continue electrochemical polymerisation, the front of the polymer must be kept at a 
certain voltage. Details of this phenomenon are currently being studied. 

Fractal dimensions of these figures were calculated using four methods. Figures 4(a)- 
(d )  show double logarithmic plots at an applied voltage of 15 V; (a)  cover method: the 
number of squares to cover the pattern, N ( r )  versus the length of the side, r ;  (b)  density- 
density correlation function method: density-density correlation function, C(r) ,  versus 
distance, r ;  (c) Hausdorff method: the number of pixels of the pattern, N ( r ) ,  in a circle 
with radius, r ,  and (d )  charge during the polymerisation: total polymerisation charge, 
Q ( r ) ,  versus time. It should be noted that each characteristic obeys a power law. The 
pattern, therefore, has fractal structure. The growth patterns for other applied voltages 
are also found to be fractal. However the calculated fractal dimension is found to depend 
on the applied voltage. Figure 5 indicates voltage dependences of the fractal dimension 
evaluated by various methods. The fractal dimension evaluated by (i) the density- 
density correlation function method gives a value of 1.80 2 0.01 for an applied voltage 
of 10-15V. On the other hand, that by (ii) the cover method is 1.69 +- 0.01. The 
maximum difference in the dimension by these two methods is 0.11 at 15 V, but the 
difference in dimension between methods (i) and (ii) is within about 0.1 over 5-15 V. 
Therefore, in this study the fractal dimension is defined by the average of dimensions 
obtained by methods (i) and (ii). Although the number of photographs is not enough to 
evaluate fractal dimension by the Hausdorff method, a Hausdorff plot yields a straight 
line as shown in figure 4(c). However, the observed voltage dependence of the dimension 
obtained by the Hausdorff method is a little different from that obtained by the other 
three methods as evident in figure 5. Although the Hausdorff fractal dimension has the 
highest value at 15 V, the difference in the dimensions might be within the error of the 
calculation because of the limited number of data. 

We plotted the total charge against time in figure 4(d).  The total polymerisation 
charge is proportional to the polymer mass. Since the total charge during polymerisation 
also obeys apower law, one can calculate the fractal dimension (method (iv)). However, 
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Figure 4. Determination of the fractal dimension; (a)  cover method; ( b )  density-density 
correlation method; (c) Hausdorff method, and ( d )  charge during the polymerisation. 
22.5 pixel cm-'. Maximum radius of pattern at 15 Vis 1.8 cm. 

Applied voltage ( V I  Time (min i  

Figure 5. Dependence of the fractal dimension on 
the applied voltage; cover method (0); density- 
density correlation method (0); Hausdorff 7 .5V(H),  10V(O),  15V(A) , and20V(O) .  
method (A),  and total charge (0). Maximum 
radius of pattern at various voltages; (i) 1.2 cm, 
3 V ,  (ii) 2.Scm, 5 V ,  (iii) 1.9cm, 7.5V, (iv) 
2.3" 10V, (v) 1.8cm, 15V, and (vi) l . l c m ,  
20 v. 

Figure 6. The time dependence of the fractal 
dimension. Applied voltage 3 V  (O),  S V  (A), 
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Figure 7. SEM photographs of the branch of poly(3-dodecylthiophene) at applied voltage (a )  
3 V, and ( h )  7.5 V. 

two straight lines were necessary to fit the experimental data at 15 V as shown in figure 
4(d). The first slope (1.37 + 0.03) was taken tocalculate the dimension since the undoped 
state appeared at about 5 min. The obtained values are about 0.4 less than the fractal 
dimensions obtained using the above methods. If the irregularity of polymer surfaces 
(as shown in figure 7) [24] and the oligomers prior to aggregation were taken into 
consideration, then the dimension can be evaluated to have a larger value, closer to the 
value obtained by the other methods. The second slope is straight in spite of the undoped 
state. The dimension from this line, slope = 0.61 5 0.01, is also plotted in figure 5 .  It 
should be noted that this voltage dependence of the dimension calculated from charges 
corresponds to that from the radial growth rate in figure 9, although the reason for the 
linearity of the second curve cannot be explained at this stage. 

The voltage dependence of the fractal dimension calculated by the various methods 
show the same tendencies, indicating a peak value at 10-15 V. Since the conditions of 
the polymerisation reaction change with applied voltage. the shape of the conducting 
polymer changes with applied voltage so that its fractal dimension changes. In this 
experiment, the fractal dimension increases with increasing applied voltage and has a 
maximum value at about 10 V as shown in figure 5 .  At smaller voltages, only some part 
of the conducting polymer will satisfy the conditions for polymerisation, and current 
flows into those growth points since the potential is highest in this vicinity. Increasing 
the applied voltage, the number of growth points increases and the fractal dimension 
rises. At some voltage, polymerisation could occur at any place where monomers and 
counter-ionsmeet. Thisconditionissimilarto that of the DLA model [ 171. Sincemigration 
or drifting together by diffusion becomes a dominant factor for polymerisation and the 
potential of the tips deviatesfrom the optimum value [5,6] at higher voltages, the fractal 
dimension changes. However, it should be noted that similar values of the fractal 
dimension as a function of applied voltage were obtained in zinc electrodeposition by 
Kahanda et a1 [14,15]. 

Figure 8 shows the dependence of the branch width and the average of the branch 
angles on the applied voltage. The grown pattern has many small branches. However, 
the widths of the branches that grew from the central needle electrode to the tips of the 
pattern were nearly constant. Therefore, the width of these branches was measured as 
the branch width. When the applied voltage increased, the branch width decreased and 
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Figure 8. The applied voltage dependence of the 
branch width and the average of branch angles. 

Figure 9. The applied voltage dependence of 
growth rate of a branch of poly(3-dodecylthio- 
phene). 

the average branch angles increased, although the former should be a constant according 
to the DLA model. It should be mentioned that the branch could be developed in all 
directions with increasing applied voltage so that a complicated figure might be formed. 
However, some instabilities such as the Mullins-Sekerka theory [26,27] must be taken 
into consideration to understand the branching problem. 

Figure 9 shows the dependence of the growth rate in a radial direction on the applied 
voltage. The radial velocity of the tip of the conducting polymer furthest from the needle 
electrode is measured as the growth rate. The velocity is nearly constant up to half of 
the cell radius. The growth rate increases with increasing applied voltage and reaches 
the maximum value of 3.2 mm min-' at 15 V. However, it should be noted that, at about 
5 min after polymerisation was started, the colour changed suddenly in some parts of 
the branches as shown in figure 3, and then the growth rate began to decrease as shown 
by a dashed line in figure 9. The change in the growth rate corresponds to that of the 
dimension calculated by the polymerisation charge in figure 5 (the second slope in figure 
4(d)). Above 15 V the colour of the solution changed to yellow near the anode, so that 
the growth rate decreased. In this region, the applied voltage deviated from the optimum 
value of polymerisation. It was thought that another chemical reaction might have 
occurred. The analysis of the yellow solution is now under way. It should be noted that 
the average branch angle was 46 ? 5 deg, which coincides with the value computed from 
the DLA model [28]. This means that the experimental conditions in this study are similar 
to those of the DLA model. 

Figure 6 shows the time dependence of the fractal dimension calculated by method 
(ii). The fractal dimension increases with time, tending to saturate. This means that the 
pattern gradually becomes complicated and at some time branches out while preserving 
complexity. The rise time of the fractal dimension was dependent on the applied voltage. 
The rise time was shortened with increasing applied voltage. After indicating the mini- 
mum value at 15 V, the rise time became long at 20 V. This suggests that the pattern is 
formed as follows. In the first step, the linear structure with some branches appears near 
the anode, and then the figure spreads. After some time, which depends on the applied 
voltage, the conducting polymer develops along the surface in all directions. The time 
analysis of the fractal dimension may make it possible to understand the dynamics of the 
pattern formation. This approach is now being pursued. 
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Figure 10. The applied voltage dependence of the 
conductivity of iodine doped poly(3-dodecylthio- 
phene). branches. 

Figure 11. The change of distance from the needle 
electrode to the undoped region with time in four 

Morphological changes as well as the changes of structure mentioned above were 
also observed. Figure 7 shows the SEM photographs of branches at applied voltages (a) 
3 V and (b)  7.5 V. At 3-5 V, the smooth surface of the branch has waves perpendicular 
to the growth direction (a). At 7.5-15 V, wrinkles are seen (b ) ,  and at 20 V the surface 
becomes smooth but is wrinkled. The differences of surface structure might be influenced 
by the internal structure (morphology). In particular the conductivity of the conducting 
polymer in the doped state is influenced by the internal structure [ 5 , 6 ] .  Therefore, the 
conductivity of the obtained polymer with a characteristic fractal pattern was also 
measured. Figure 10 shows the applied voltage dependence of conductivity of the iodine- 
doped polymer. Although BF, acts as dopant in polymerisation, iodine is used as dopant 
in measuring conductivity. The conductivity increases with increasing applied voltage 
up to 7.5 V and decreases above 7.5 V. This change in the fractal pattern conductivity 
corresponds to that observed in the polymer surface. It should be mentioned that the 
internal structure changes at 7.5 V. The growth of the fractal conducting polymer is 
dependent on the voltage at the tips. However, the voltage at the tip is determined not 
only by the applied voltage but also by the conductivity of the branch. Therefore, the 
growth rate and the fractal dimension are influenced by the conductivity. 

Since the thin pattern of the conducting polymer spread from the central needle 
electrode, the undoping process of the conducting polymer was easily observed. When 
the electrodes were short-circuited for undoping after the preparation of the conducting 
polymer at 10 V, the undoping was initiated from the tip of the polymer and proceeded 
to the needle electrode. Figure 11 shows the change of distance from the needle electrode 
to the undoped region with time. This indicates that the undoped region proceeds 
concentrically to the central needle electrode. When the applied voltage source is short- 
circuited, the discharge of current from the conducting polymer is followed not only in 
the electrolyte solution but also in the conducting polymer and thus the potential 



Poly(3-dodecylthiophene) as a fractal 6117 

distribution has the same slope. Therefore, the undoping starts from the tip of the 
polymer and proceeds to the needle electrode. Since this undoping velocity (about 
1.2 x cm SKI) is of the same order as that for polythiophene reported previously 
[29,30], the diffusion of ions must be a dominant factor in the process. 

4. Conclusion 

Poly(3-dodecylthiophene) with a fractal pattern has been prepared on the surface of the 
solution by the electrochemical method with the point-to-circle electrode configuration. 

The fractal dimension has been calculated by: (i) the cover method; (ii) the density- 
density correlation function method; (iii) the Hausdorff method; and (iv) total charge 
during the polymerisation. The values calculated by methods (i), (ii) and (iii) were nearly 
the same. However, the value obtained by method (iv) is about 0.4 less than the others. 
The difference could be attributed to the pattern's irregularity in thickness and the 
oligomers prior to aggregation. 

The fractal dimension against applied voltage has been plotted and the fractal 
dimension has a maximum value at 10 V. The growth rate and the conductivity of the 
conducting polymer also have a maximum value at about 7.5 V and 15 V, respectively. 

The time dependence of the fractal dimension has been also investigated and the rise 
time has been found to depend on the applied voltage. 

By short-circuiting, undoping was shown to be initiated from the tips of the grown 
fractal and proceeded concentrically to the needle electrode at a rate of about 
1.2 x cm s-'. 
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