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ABSTRACT 

We have studied thin films composed of thin and thick wall template synthesized 

polypyrrole microtubules. We observe a crossover from three to one dimensional 

variable range hopping in our samples at low temperatures. Our results clearly 

indicate that the geometry of the microtubules has an influence on the conductivity. 

The transition temperature from 3 to 1 dimensional variable range hopping shifts to 

lower temperatures when high pressure is applied. The results are discussed on the 

basis of the geometry of the microtubules. 
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1. INTRODUCTION 

Over the last decade several classes of highly conducting organic polymers have 

been discovered which may provide a viable alternative to conventional conductors 

in certain applications (Reynolds et al. 1989). These materials have a highly 

anisotropic quasi-one dimensional structure, which makes them fundamentally 

different from conventional inorganic metals. They have, however, the attractive 

feature that their conductivity is easily varied over several orders of magnitude by 

the addition of dopants. 

The most severe problems limiting their wide use are their limited 

processibility and air stability. The prototypical conducting polymer is doped 

polyacetylene. Unfortunately the conductivity of both doped and undoped 

polyacetylene degrades rapidly on exposure to atmospheric oxygen. Polyacetylene 

is also completely insoluble and infusible, which renders it very difficult to 

process. 

The conducting polymers polypyrrole and polyaniline are insensitive to 

oxygen. This fact in combination with the development of solutions of the problem 

of processing polypyrrole and polyaniline makes them attractive alternatives to 

polyacetylene. Various solutions of processing polypyrrole and polyaniline have 

been reported (Armes and Vincent 1987; Armes et al. 1987, 1989; Armes and 

Aldissi 1989, 1990; Armes et al. 1990; Sariciftci et al. 1994; Cai and Martin 1989; 

Cai et al. 1991; Martin et al. 1993 [a], [b]). One of these approaches uses the 

concept of synthesizing electronically conductive polymers within the pores of 

microporous host membranes (Cai and Martin 1989; Cai et al. 1991; Martin et 

al.1993 [a], [b]). The host membranes employed have cylindrical pores of uniform 

diameter. They called this method "template synthesis", because the pores act as 
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templates for the nascent conductive polymer. As a result of this templating effect 

hollow conductive polymer microtubules are obtained. The outside diameter and 

the length of these microtubules are determined by the pore diameter and the 

thickness of the membrane (typically 10 um), respectively. The inside diameter, 

however, can be varied at will by varying the polymerization time. The 

microtubules can be freed by simply dissolving the template membrane (Cai and 

Martin 1989; Cai et al. 1991, Martin et al. 1993 [a], [b]). 

The nanoscopic conductive microtubules show a higher degree of molecular 

and supermolecular order than is present in the same polymer when it is 

synthesized by more conventional methods (Cai et al. 1991, Martin et al. 1993 [a], 

[b]). In particular, the polymer chains in these microtubules are highly aligned 

(Cai et al. 1991). As a result of this enhanced order the template synthesized 

microtubules have higher electronic conductivities than conventional forms of 

these polymers (Liang and Martin 1990: Cai et al. 1991, Martin et al. 1993 [a] ). 

We have investigated the temperature dependence of thin films composed of 

template synthesized polyaniline and polypyrrole microtubules (Spatz et al. 1994). 

Depending on the diameter of the microtubules we found a crossover from three to 

two dimensional variable range hopping. We have suggested an explanation for 

this crossover based on the geometry of the microtubules. We also pointed out that 

a stringent test of our explanation of the crossover would be provided by 

measurements on 400 nm diameter microtubules with a controlled wall thickness. 

Furthermore the application of high pressure should also provide some insights and 

a test of our explanation. 

In this paper we report the results of our temperature - pressure study of the 

conductivity of thin films composed of 400 nm hollow polypyrrole microtubules 
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with variable wall thickness. 

2. EXPERIMENTAL 

Nuclepore polycarbonate filters with pore diameters of 400 nm were used as the 

template membranes for the synthesis. Polypyrrole was synthesized within the 

pores of these membranes using conventional oxidative polymerization (Cai and 

Martin 1989; Cai et al. 1991; Martin et al. 1993 [a], [b]). Fig. 1 shows a schematic 

picture of the host membrane and the polymer microtubules growing in them. The 

wall thickness depends on the time of synthesis. The resulting geometric structure, 

shown in Fig. 2, can be controlled at will and is characterized by three parameters: 

(i) the diameter, df (as given by the pore diameter of the membrane); ( ii ) length, 

L (determined by the thickness of the membrane); (iii) wall thickness, dw 

(controlled by the time of synthesis). The electronic structure is determined by the 

degree of doping and the molecular structure of the dopant (counterion). We used 

paratoluenesulfonate as a dopant and have achieved doping levels of 30 %. 

After synthesis the microtubules were freed from the template membrane, collected 

on filter paper and compacted in a pellet press to yield tubule-based thin films 

(Martinetal. 1993 [a]). 

Films with a thickness ranging from 2 to 4 urn composed of 400 nm hollow 

microtubules with varying wall thickness have been investigated. The microtubules 

are randomly oriented within the films. Four probe conductivity measurements 

were made by evaporating four Au contacts onto the film surface and attaching 

0.03 mm diameter Pt wires using silver paint. Film resistance was measured using 

a constant voltage (maximum 20 mV excitation voltage) AC (16Hz) resistance 

bridge from Linear Research Corp. A k-type thermocouple (300 K to 40 K) and a 
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germanium resistor (below 40 K) were used for temperature measurements. The 

films had room temperature conductivities between 5 and 70 Q"1 cm"1. Rectangular 

shaped samples (7x3 mm2) were placed in a beryllium copper high pressure 

clamp cell (Chu et al. 1968) which allowed to generate hydrostatic pressures up to 

2 GPa. Fluorinert, FC-77, was used as a pressure medium. The high pressure cell 

fits into a helium cryostat, allowing measurements in the temperature range from 

300 K to 1.2 K. 

3. RESULTS AND DISCUSSION 

Conducting polymers are a prototype of disordered conductors, where the disorder 

is caused by topological defects, impurities, chain length variation, 

noncrystallinity, etc. Their conductivity, o, is described by the Mott Variable 

Range Hopping (MVRH) model of disordered systems. At sufficiently low 

temperatures a is determined by the thermally activated hopping over variable 

distances. The conductivity is then given by 

a ~ T -m exp[-(T0/T)n],   n = 1/(1 + D)      (1) 

where D is the dimension of the conduction process (Mott and Davis 1979; Mott 

and Kaveh 1985; Apsley and Hughes 1974, 1975). The Mott temperature, T0, is a 

function of the localization length, 1, and the density of states at the Fermi level, 

N(EF). 

T0 - 1-D N(Ep)-1 (2) 

Another important quantity of the MVRH model is the average hopping distance, 

Rj,, which increases with decreasing temperature according to 

VI « (T0/T)n (3) 
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The electrical conductivity of our films composed of template synthesized hollow 

400 nm diameter microtubules with variable wall thickness is described by equ. 1 

of the MVRH model. Since the conduction process in many conducting bulk 

polymers follows the MVRH model (Sato et al. 1991; Meikap et al. 1993; Reghu et 

all 993 ), we conclude that the conductivity of template synthesized polypyrrole is 

determined by the intratubulus conduction. We have to take into account, 

however, that the density of compressed films composed of microtubules is 

smaller than that of bulk material. This may explain the fact that we observe a 

stronger increase of the resistance with decreasing temperature (about 10 orders of 

magnitude compared to 5-6 orders in conventionally prepared polypyrrole (Meikap 

et al. 1993; Reghu et al. 1991) from 300 to 4 K). Fig. 3 shows the temperature 

dependence of the resistance of a sample composed of thick walled microtubules 

(synthesis time: 300 sec, wall thickness: 60 nm ) in the temperature range from 

123 K - 16 K (a) and between 16 K - 4 K (b). // is important to notice that the 

resistance changes by about 5 orders of magnitude in the temperature range from 

123 K-16 K and about 6 orders of magnitude in the temperature range from 16 K 

- 4 K. This large resistance change is an essential point, because distinguishing 

between Tm, Tm, or Tm dependence would be impossible if data were not 

collected over a large resistance range. In the high temperature range (Fig. 3 a) the 

exponent n is equal to 1/4, indicating that 3 D variable range hopping takes place. 

In the low temperature range (Fig. 1 b) the exponent n is equal to 1/2, indicating 

that the conduction process is now one dimensional. Although the validity of the 

MVRH model in one dimension is still discussed, these results in combination with 

the previous ones (Spatz et al. 1994) support strongly the transition to a preferably 

1 D conduction. The change of the dimensionality of the conduction at about 16K 
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and the quality of the fits of equ. 1 to our data is most convincingly demonstrated 

in Fig. 4. There we have plotted the difference h^R^) - ln(Rfit) of the 

experimentally measured resistance value (R^) and the resistance value (Rflt) 

determined by fitting the data to equ. 1. Ideally this value should be zero. It can be 

seen that the difference fluctuates around zero only for the n = 1/2 and n = 1/4 fits 

in the low temperature and high temperature range, respectively. Thus supporting 

unambiguously our claim. We have chosen this representation over (dlnR/dlnT) 

versus T (Zabrodskii et al. 1984, Rosenbaum 1991), because it allows an exacter 

determination of the transition temperature, due to the fact that the scattering of the 

data points are less important in our representation. 

Fig 5 shows the temperature dependence of the resistance of samples 

composed of hollow thin wall polypyrrole microtubules (synthesis time: 30 sec, 

wall thickness: 20 nm) in the temperature range from (a) 200K - 40 K, and (b) and 

60K-13K., 

Again we see a similar behavior of the temperature dependence of the resistance as 

in the case of the samples composed of thick wall microtubules. The plot of 

InCRexp) - ln(Rflt) shown in Fig. 6 confirms this statement. It is important to notice, 

however, that the crossover temperature occurs at a higher temperature (~ 50 K). 

The change in the exponent of the conduction process could be explained by 

(i) Coulomb interaction of the charge carriers, and (ii) crossover from 3D to 1 D 

conduction: 

(i) Equ. 1 is valid, if the density of states, N(EF) is almost constant at low 

temperature. At very low temperature the Coulomb interaction between 

charge carriers reduces N(EF) resulting in the Coulomb gap at T = 0 K 

(Efros and Shklovskii 1975). This effect changes the temperature dependence 
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of the conductivity, so that even for 3 D hopping the exponent n has a value 

of 1/2. 

(ii) The average hopping distance, \, increases with decreasing temperature 

(equ. 3). The finite wall thickness, dw, restricts, however, the radial hopping in 

our samples, which would result in a crossover to 2 D conduction ( Spatz et 

al. 1994). If Rh exceeds finally a certain value of the order of the diameter of 

the microtubules the hopping is forced into the direction along the 

microtubulus axis, resulting in a 1 D hopping process. 

The explanation based on the existence of a Coulomb gap at low temperatures is 

unlikely because of two reasons. Firstly, it should be expected at very low 

temperatures only. Secondly, the charge carriers in polypyrrole are bipolarons and 

their Coulomb repulsion is screened to a large extent by the deformation potential. 

Furthermore, if the change of the exponent could be explained by a Coulomb gap, 

then it is expected according to the Castner criterion (Rosenbaum 1991) that the 

ratio of the characteristic temperatures TH/TL * 80. Here TH and TL correspond to 

the Mott temperature in the high and low temperature region, respectively. 

In our experiments we find a ratio which is an order of magnitude larger (500 - 

800). This supports our conclusion that the transition is not due to the existence of 

a Coulomb gap at low temperatures. 

If the geometry of the microtubules is responsible for the dimensional change of 

the hopping process a change of the average hopping distance should lead to a shift 

of the crossover temperature. Such changes of the average hopping distance can be 

achieved , for example, by the application of high pressure, of a magnetic field, or 

by a change of the molecular or supermolecular order. 

If we compare the data for the thin and thick wall microtubules, we find a 
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decrease of T0 with increasing wall thickness. According to equ. 3 this results in a 

decrease of RH, if the change in the localization length does not compensate this 

effect. Our results show a shift of the crossover temperature to lower temperatures 

if the wall thickness increases supporting our suggestion that the geometry of 

microtubules plays an important role in the 3 D to 1 D crossover. 

Unfortunately the experimental determination of T0 allows only the determination 

of the ratio of the hopping distance, RH, and the localization length, 1. Therefore 

only this qualitative discussion is possible at the moment. We plan, however, to 

perform additional magnetoresistance measurements, which will allow us to 

determine the localization length, and therefore provide the means for a 

quantitative discussion. 

Based on this explanation one should also expect an intermediate 

temperature range where the hopping takes place in 2 dimensions in the mantle of 

the tubules. Of course, we can find a narrow temperature range where we see a 

slope of 1/3 in the Mott plot. However, we believe that this temperature range is 

too narrow for reliable fits of the data to equ. 1. Nevertheless, we have observed 2 

D conduction over a wide temperature range in 100 nm diameter and 50 nm 

diameter polyaniline and polypyrrole microtubules, respectively ( Spatz et al. 

1994). 

Further support is provided by the results of our high pressure study, shown 

in Figs. 7 and 8 for samples composed of thick wall microtubules and Figs. 9 and 

10 for samples composed of thin wall microtubules. It can be seen that the 

crossover temperature shifts to lower values (16 K - 5 K for the thick wall sample, 

and 50 - 30 K for the thin wall sample). This in turn would agree with our 

explanation, that 3 D to 1 D transition is due to the geometry of the microtubules, if 
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the average hopping distance decreases with pressure. 

In Fig. 11 we have plotted the pressure dependence of the Mott temperature, 

T0, for the thick wall and thin wall sample. We see that T0 decreases by more than 

80% at 2 GPa. This fact indicates that the application of pressure leads to a 

decrease of the hopping distance. This in turn shifts the 3 D - 1 D crossover 

temperature to appreciably lower values. In other words 3 D conduction is 

favorized under pressure. This is exactly what we have found and supports 

therefore our explanation. 

As a final result we show in Fig. 12 the pressure dependence of the room 

temperature conductivity of both samples. It can be seen that the application of 

pressure increases the room temperature conductivity by a factor of 2 - 3, a factor 

which agrees well with those found in bulk polypyrrole (Lundberg et al. 1985; 

Maddison et al. 1988; Maddison et al. 1989; Lundin et al. 1990) 

SUMMARY 

We have shown that template synthesized conducting polymers provide an 

excellent model system for investigating size effects on a submicron scale on the 

hopping conduction of localized charge carriers. The special technique of synthesis 

allows to produce films composed of polymer microcylinders with well defined 

diameter, length, and wall thickness. The electrical conductivity of these films is 

determined by the variable range hopping of localized charge carriers in the wall of 

the polymer microtubulus. The dimension of the conduction process changes from 

3 D to 1 D when the average hopping distance exceeds a certain critical value 

related to the geometry and size of the microtubules. Hydrostatic pressure strongly 

affects the electrical properties. The room temperature conductivity increases by a 
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factor 2-3. The characteristic Mott temperature describing the slope of the 

conductivity versus temperature curve, decreases by more than 80% at 2 GPa, 

resulting in a decrease of the average hopping distance. It also shows that 3 D 

conduction is favored by hydrostatic pressure. 

ll 



ACKNOWLEDGEMENT 

One of the authors (B.L.) acknowledges the support of the Deutsche 

Forschungsgemeinschaft. 

12 



REFERENCES 

Apsley, N, Hughes, H. P., 1974, Phil. Mag. 30, 963 

Apsley, N„ Hughes, H. P., 1975, Phil. Mag. 31,1327 

Armes, S. P., Miller, J. F., Vincent, B., 1987, J. Colloid. Interface Sei., 118, 410 

Armes, S. P., and Vincent, B., 1987, J. Chem. Soc. Chem. Commun. p. 288 

Armes, S. P., Aldissi, M., Agnew, S. F., 1989, Synth. Met., 28, C837 

Armes, S. P. and Aldissi, M., 1990, Polymer, 31, 569 

Armes, S. P., Aldissi, M., Agnew, S. F., Gottesfeld, S., 1990, Mol. Cryst. Liq. 

Cryst, 100, 63 

Cai, Z. and Martin, Ch. R., 1989, J. Am. Chem. Soc, 111, 4138 

Cai, Z„ Lei, J., Liang, W., Menon, V., Martin, Ch. R., 1991, Chem. Mater., 3, 967 

Chu, C. W., Smith, T. F., Gardener, W. E., 1968, Phys. Rev. Lett., 20, 198 

Efros, A. L., Shklovskii, B. I., 1975, J. Phys. C: Solid State Phys., 8, L49 

Lundberg, B., Sundquist, B., Inganäs, O., Lundström, I., Salaneck, W. R., 1985, 

Mol. Cryst. Liq. Cryst, 118, 155 

Lundin, A, Lundberg, B, Sauerer, W, Nandery, P, Naegele, D, 1990, Synth. 

Metals, 39, 233 

Maddison, D. S, Unsworth, J, Lusk, J, 1988, Synth. Metals, 22, 257 

Maddison, D. S., Lusk, J., Unsworth, J., 1989, Synth. Metals, 32, 219 

Martin, Ch. R, Parthasarathy, R, Menon, V, 1993 [a], Synth. Met, 55-57, 1165 

Martin, Ch. R, Menon, V, Parthasarathy, R, 1993 [b], Polym. Preprints, 35, 229 

Meikap, A. K, Das, A, Chatterjee, S, Digar, M, Bhattacharyya, S. N, 1993, 

Phys. Rev, B 47, 1340 

Mott, N. F, Davis, E. A, 1979, Electronic Processes in Non-Crystalline 

13 



Materials, 2nd edition, (Oxford, Clarendon Press) 

Mott, N. F., Kaveh, M, 1985, Adv. Phys., 34, 329 

Reghu, M., Cao, Y., Moses, D., Heeger, A. J., 1993, Phys. Rev., B 47,1758 

Reghu, M., Subramanyam, S. V., Chatterjee, S, 1991, Phys. Rev, B 43, 4236 

Reynolds, J. R, Baker, C. K, Jolly, C. A., Poropatic, P. A, and Ruiz, J. P, 1989, 

Conductive Polymers and Plastics, ed. J. M. Margolis ( New York, Chapman and 

Hall) 

Rosenbaum, R, 1991, Phys. Rev, B 44, 3599 

Sariciftci, N. S, Heeger, A. J, Cao, Y, 1994, Phys. Rev. B 49, 5988 

Sato, K, Yamaura, M, Hagiwara, T, Murata, K, Tokumoto M, 1991, Synth. 

Metals, 40, 35 

Spatz, J. P, Lorenz, B, Weishaupt, K, Hochheimer, H. D, Menon, V, 

Parthasarathy, R, Martin, Ch. R, Bechtold, J, Hör, P.-H, 1994, accepted Phys. 

Rev. B 

Zabrodskii, A. G, Zinov'eva, K. N, 1984, Sov. Phys. JETP, 59, 425 

14 



FIGURE CAPTIONS 

Fig. 1. Schematic picture of the host membrane with polymer tubulus 

Fig. 2. Schematic picture of the polymer microtubulus; df: diameter, L: 

length, dw: wall thickness 

Fig. 3. Temperature dependence of the resistance of samples composed of hollow 

thick wall polypyrrole microtubules ( dw = 60 nm) in a) the temperature 

range from 123 K - 16 K, and b) the temperature range from 16 K - 4 K. 

Fig. 4. ln(Rexp/Rflt) versus temperature for the thick wall samples. 

Fig. 5. Temperature dependence of the resistance of samples composed of hollow 

thin wall polypyrrole microtubules ( dw = 20 nm) in a) the temperature 

range from 200 K - 40 K, and b) in the temperature range from 60 K - 13 

K. 

Fig. 6. lnCR^p/Rfit) versus temperature for the thin wall samples. 

Fig. 7. Temperature dependence of the resistance of samples composed of hollow 

thick wall polypyrrole microtubules ( dw =60 nm) at a pressure of 1.5 

GPa in a) the temperature range from 70 K - 4 K, and b) the temperature 

range from 6 K - 1.2 K. 

Fig. 8. lnCR^p/Rfrt) versus temperature for the thick wall samples at 1.5 GPa. 

Fig. 9. Temperature dependence of the resistance of samples composed of hollow 

thin wall polypyrrole microtubules ( dw = 20 nm) at a pressure of 1.5 GPa 

in a) the temperature range from 123 K - 24 K, and b) the temperature 

range from 60 K - 6 K. 

Fig. 10. ln^xp/Rfit) versus temperature for the thin wall samples at 1.5 GPa 

Fig. 11. Pressure dependence of the Mott temperature, T0, of a) thick wall, and b) 

thin wall samples. 
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Fig. 12. Pressure dependence of the room temperature conductivity of thick ( o ) 

and thin ( D ) wall samples 
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