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Microtubules composed of polyaniline.(PANi) were obtained by synthesizing PANi within 
the pores of microporous template membranes. These template-synthesized polyaniline 
tubules showed enhancements in electronic conductivities over conventional forms of 
analogous polymers. The origin for this enhancement in conductivity was studied using a 
host of techniques such as scanning electron microscopy (SEMI, transmission electron 
microscopy (TEM), and polarized infrared absorption spectroscopy (PIRAS). We have used 
TEM to monitor the growth of PANi within the pores of the membrane. For short 
polymerization times, a thin skin of polymer lines the pore walls. With increase in 
polymerization time, the polymer grows in thickness. PIRAS data show that the polymer 
deposited directly on the pore wall is highly ordered relative to subsequently deposited 
polymer. This ordering of the polymer chains is responsible for the enhancement in 
conductivity. PIRAS was also used to show that the polymer chains are preferentially aligned 
perpendicular to the tubule axis. 

Introduction 

We have been exploring a new approach for preparing 
nanomateria1s.l-l3 This approach, called “template 
synthesis”, entails synthesis of a material within the 
pores of a nanoporous membrane. The membranes 
employed have cylindrical pores of uniform diameter. 
Because the desired material is synthesized within 
these pores, a nanoscopic cylinder of the material is 
obtained; the diameter of this cylinder is determined 
by the diameter of the pores in the “template” mem- 
brane. We have used this approach to synthesize 
nanocylinders of electronically conductive polymers,’-’ 
metals,*-13  semiconductor^,^^ and carbon.15 We have 
also shown that tubular nanostructures (i.e., hollow 
nanocylinders) of these various materials can be ob- 
tained via this approach. Finally,we have shown that 
the aspect ratios of the nanocylinders prepared via this 
method can be controlled at will. Hence, this template 
approach is proving to be a versatile method for 
synthesizing nanomaterials. 
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Table 1. Specifications of the Polycarbonate Template 
Membranes Used in These Studies 

pore diam (nm) pore densitp (Dores/cm2) thicknessb hm)  
100 
200 
400 

~ 

3 x 108 
3 x 108 
1 x 108 

7 
11 
11 

a From Poretics Corp. product literature. Measured using a 
digital micrometer. 

Our previous work on electronically conductive poly- 
mer nanocylinders and tubules showed that these 
template-synthesized nanostructures can have elec- 
tronic conductivities of over an order of magnitude when 
compared to bulk samples (e.g., powders, or thin films) 
of the same polymer. l~~-~ Such enhancements in con- 
ductivity were observed in template-synthesized nano- 
cylinders composed of p ~ l y p y r r o l e , ~ ~ ~  poly(3-methylth- 
iophene),l~~ and polyacetylene.6 We have recently used 
the template method to prepare nanotubules of the 
electronically conductive polymer p~lyaniline.~ In anal- 
ogy with our previous investigation, we have found that 
the dc conductivities of these polyaniline nanostructures 
are higher than bulk samples of this p~ lymer .~  We have 
found that this enhancement in conductivity results 
from an enhancement in the extent of order in the 
template-synthesized polyaniline. We present the re- 
sults of these investigations in this paper. 

Experimental Section 

Materials. The starting material, aniline (Aldrich 99%) 
was twice-distilled prior to use. Purified water, obtained by 
passing house-distilled water through a Milli-Q (Millipore) 
water purification system, was used to make all the solutions. 
Sodium vanadate, HC1, and p-toluenesulfonic acid were used 
as received. Poretics microporous polycarbonate membrane 
filters (Poretics Corp.) were used as the template membranes. 
These membrane filters are available in a variety of pore 
diameters and pore densities. The specifications for the 
membranes that were used for these studies are shown in 
Table 1. 
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Polymer Synthesis. Gregory et a1.16 have developed a 
method for coating textiles with conductive polymers. We have 
used a similar procedure for chemically synthesizing polya- 
niline (PANi) within the pores of the polycarbonate template 
membranes. In this method, the template membrane is 
immersed in a precooled (5 "C) solution that was 0.325 M in 
aniline and 1 M in HC1. An equal volume of precooled (5 "C) 
oxidant solution containing sodium vanadate17 (0.125 M) and 
p-toluenesulfonic acidls (0.5 M) in 1 M in HC119320 was then 
added. The mixture was left for polymerization for 2 h at ca. 
5 "C. During this period, polyaniline was produced from the 
monomer and deposited within the pores of the membrane. 

We have found that the polyaniline obtained preferentially 
deposits on the pore walls and on both faces of the template 
membrane. Because the polymer deposits on the pore walls, 
polyaniline nanotubules that run through the entire thickness 
of the membrane are obtained. Analogous results were 
obtained when polypyrrole4 and poly (3-methyl t h i ~ p h e n e ) ~  
were synthesized in such membranes. The surface layers that 
coat both faces of the membranes were removed by polishing 
with 1 ym alumina powder. The membrane was then ultra- 
sonicated in 1 M HC1 to remove the alumina powder. In some 
experiments, it was desirable to  isolate the polymer tubules. 
This was done by dissolving the template (polycarbonate) 
membrane in dichloromethane and collecting the resulting 
polymer tubules by filtration on an alumina filter.6z8 These 
polymer tubules were then repeatedly rinsed with copious 
quantities of dichloromethane to remove traces of the poly- 
carbonate template membrane. 

As a control, bulk polyaniline was synthesized under identi- 
cal conditions but without the use of a template membrane. 
This yielded a precipitate of polyaniline which was collected 
by filtration. The precipitate was rinsed in HC1 and then 
dried. Finally, sodium vanadate17 was used for all the syn- 
theses rather than the more commonly used ammonium 
p e r s ~ l p h a t e . ~ ~ ~ ~ ~  This is because we have found that PANi 
grows nonuniformly within the pores of the template mem- 
brane (Le., some pores become filled with PANi and others 
apparently do not) when persulfate is used as the oxidant. 

Electron Microscopy. Scanning electron microscopic 
(SEM) images of the polyaniline nanotubules were obtained 
by dissolving the host membrane and collecting the tubules 
as described above. A Phillips 505 electron microscope was 
used. The PANi tubules were sputtered with a thin film of 
gold prior to imaging. Transmission electron microscopy 
(TEM) studies were carried out using a JEOL 2000 TEM. TEM 
was used to monitor the growth of PANi within the pores of 
the membrane. The TEM samples were prepared as follows: 
The polyaniline/polycarbonate composite was immersed in a 
1% (w/v) aqueous Os04 solution for 2 h. The os04 selectively 
stains the PANi. The stained membrane was then embedded 
in an epoxy resin. Thin facial slices of the membrane were 
obtained by microtoming the embedded sample. These mi- 
crotomed sections were obtained for a variety of polymerization 
times and pore diameters. 

Polarized Infrared Absorption Spectroscopy (PIRAS). 
We have shown that PIRAS can be used to study the extent 
of polymer chain orientation in template-synthesized electroni- 
cally conductive  polymer^.^,^ We have conducted analogous 
experiments on template-synthesized polyaniline. As before, 
the data were obtained using a Mattson Galaxy Fourier 
transform infrared spectrometer. The polarizations used for 
PIRAS analysis are shown in Figure L4 An Al wire grid 
polarizer was used to control polarization. The polarization 
4 is orthogonal to  the axes of the PANi tubules. The 
integrated absorbance by the PANi tubules of this polarization 
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membrane composite 

Figure 1. Experimental setup for the PIRAS experiments. 

is labeled Al. The polarization vector for the beam labeled 130 

makes an angle of 30" with respect to the tubule axes and its 
integrated absorbance is A30. A30 has a component in the 
parallel direction and is therefore related to All, where All is 
the integrated absorbance intensity for a beam polarized 
parallel to the tubule axis. 

The dichroic ratio, defined as R = AIJAI, quantitatively 
describes the polymer chain orientation within a sample.21s22 
In general, R = 1 implies no preferred orientation of the 
polymer chains. A value of R that deviates from unity shows 
that there is some preferred polymer chain orientation. A30 
is related to  All and A1 via21,22 

A,, =A, ,  cos2(3Oo) + A ,  sin2(30") 

Dividing both sides of eq 1 by A1 and rearranging yield 

Spectra of the PANi tubules were obtained by subtracting 
spectra of the polycarbonate (PC) background from the PANU 
PC composite membrane. First, prior to the synthesis of the 
PANi tubules within the membrane, the template membrane 
was mounted in the ETIR sample holder and background 
spectra were obtained for the two different polarizations shown 
in Figure 1. These spectra showed strong IR bands for 
p~lycarbonate.~ Polyaniline tubules were then synthesized in 
the pores of the template membrane as described above. The 
membrane was retained in the sample holder during tubule 
synthesis. This was done to ensure that spectra were obtained, 
after polymerization, on the same portion of the membrane 
as was used to obtain the spectra before polymerization. After 
template synthesis, the surface layers were removed by 
polishing with alumina powder. The membrane was cleaned 
using 1 M HC1 and then placed back in the spectrophotometer. 
Spectra were once again recorded for the two different 
polarizations (Figure 1). Subtraction of the corresponding 
background spectra yielded PANi spectra for the two polariza- 
tions. The bands at 1600 and 1500 cm-l 23,24 were used for 
these PIRAS analyses. Table 2 shows typical raw absorption 
data used for such analyses. These data were included so that 
the reader could get a feel for the relative magnitude of the 
absorption before and after incorporation of PANi. 

The evolution of the PANi spectrum was studied as a 
function of polymerization time. The polymerization time was 
varied from 30 min to  2 h. All of the PIRAS spectra were 
obtained for polymer grown in the same membrane filter (400 
nm pore diameter membrane). 

Preparation of Thin Films from the Template-Syn- 
thesized PANi Tubules. Thin films were prepared as 
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Table 2. Integnted Absorption Intensities for the 
PolycarbonaWPolyaniline Composite Membranes at the 

Indicated Polymerization Time& 
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polymerization AI Ai 
time (min) 1500 1600 1500 1600 

0 1.274 0.759 1.231 0.708 
so 1.705 1.236 1.564 1.052 
60 2.148 1.698 1.999 1.512 

120 2.454 1.965 2.364 1.933 
240 2.548 2.109 2.542 2.083 

Polymerization time = 0 is for the polycarbonate membrane 
before incorporation of polyaniline. A1 is the perpendicular 
polarization, and AI ia the parallel polarization. 

PAN1 In Polycarbonate 
membrane e- Vacuum 

Anopore 

Dlssolve host membrane CHCIJCH,CI, 1 

1 

1 

1 

=+ Vacuum 

Apply fresh membrane 

=7!!!5L 4 Vacuum 
Dlssolve membrane CHCIJCH,CI, 

ii+ Vacuum 

Compact 2 . 5 ~  1 8  psl 

-Film of PAN1 tubules 

Figwe 2 Schematic of the procedure used to prepare thin 
films from the PANi tubules. 

follows: PANi was synthesized in the polycarbonate mem- 
brane as described above. The surface layers of PANi were 
removed f" the PC membrane. The P A "  samples were 
vacuum-dried for 2 days prior to dissolution of the host 
membrane. It has been shown that this vacuum drying period 
is necessary to stabilize the conductivity of PANi.M The PANi 
tubules were then isolated from the PC membrane. The 
procedure that we have used to do this is shown in Figure 2. 
The PAh'iE'C composite was cut into rectangular strips of ea. 
4 mm in width and 2.5 cm in length. An Anopore microporous 
alumina filtration membrane was plaeed in a vacuum filtration 
flask and the PANiPC membrane strip was placed on the 
Anopore filter. Chloroform and dichloromethane were used 
to dissolve away the polycarbonate membrane. The PANi 
tubules were le* on the Anopre support. Another PANiE'C 
composite strip was laid down over these PANi tubules and 
the process was repeated. This process was repeated until a 
sufficient amount of PANi tubules were collected. mica l ly  
six membranes were dissolved to form the PANi films inves- 
tigated here. The PANiL4nopore was lek overnight in dichlo- 
"ethane to remove traces of polycarbonate. The PANi 
tubules were then compacted using an IR press a t  a pressure 
of 2.5 x 10' psi so that a thin film of PANi was obtained. This 
film coated the surface of the Anopore filter. De conductivity 
measurements5 were made on this film of PANi tubules using 
the four-probe method. 

Results and Diseusssion 

scanning Electron Mirroscopy. Scanning electron 
micrographs (SEM) of the template-synthesized PANi 

Figure 3. Scanning electron micrograph of polyaniline mi- 
crotubules. 

Figure 4. Scanning electron micrograph of polycarbonate 
template membrane. 

- 
-0.C-O- screteh -,,, k 1.4- 

Figure 6. PIRAS data for 400 nm polycarbonate membrane. 

nanostructures obtained after dissolution of the PC 
template membrane are shown in Figure 3. These 
images clearly show that nanotubules are obtained 
when PANi is synthesized within the pores of the 
template membrane. Nanotubules of this type were also 
observed previously when polypyrrole and  poly (3- 
methylthiophene) were synthesized in such mem- 
b r a n e ~ . ' - ~  Tubules of polymer are obtained because the 
polymer preferentially nucleates and  grows on the pore 
walls. It is also worth noting that these tubules are 
broken in many places. This may be contrasted to the 
case of polypyrrole tubules which retained their struc- 
tural integrity after dissolution of the template poly- 
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A. 

B. 

Figure 6. Transmission electron micrographs of microtomed 
sections of the polycarbonate membrane after synthesis of 
PANi tubules within the pores of the membrane: (A) polym- 
erization time = 30 min; (B) polymerization time = 6 h. Pore 
diameter = 400 nm 

carbonate membrane; Le., the polypyrmle did not break 
during dissolution and collection. 

Finally, there are striations on the sides of these PANi 
nanotubules. The pore walls of the template membrane 
possesses similar striations. This can be seen in the 
scanning electron micrograph shown in Figure 4. A 
portion of the pore wall is visible in one of the pores in 
the upper right-hand corner. Striations, analogous to 
those seen on the tubules, are seen on the pore walls. 

We believe that these striations result because the 
polycarbonate membrane is stretched during processing. 
Stretching aligns the polycarbonate chains in the stretch 
direction. Experimental proof of this alignment is 
provided by the PIRAS data shown in Figure 5. In 
addition to aligning the polymer chains, stretching also 
aligns the crystalline domains within the polymer. We 
believe that the striations result because the aligned 
crystalline domains etch a t  a lower rate than the 
amorphous material between the domains. As a result, 
the aligned crystalline domains appear as striations. We 
have obtained some aligned but noncrystalline mem- 
branes, and we are exploring this point further. 

Transmission Electron Microscopy. Figure 6 
shows TEMs for microtomed thin sections of PCPANi 
composite membrane after two different polymerization 
times. From Figure 6A, it  can be seen that after short 
polymerization times, the PANi nucleates along the 
walls and forms a very thin skin; that is, a tubule with 
a thin wall is obtained. As the polymerization time 
increases, polymer grows inward from the pore walls 
leading to increased tubule wall thicknesses (Figure 6B). 
Again, this reinforces the notion that the polymer grows 
from the pore walls into the center of the pore. 

Figure 7. Transmission electron micrograph of a mimtomed 
section of polycarbonate membrane after synthesis of PANi 
tubules within the pores of the membrane,. Polymer synthe- 
sized for 4 h in 400 nm pore diameter membrane. 

A 

.000000000. 

.000000000. 
~ 0 0 0 0 0 0 0 0 0 ~  
. 0 0 0 0 00000. 
. 0 0 0 0 0 0 0 0 0 .  
.000000000. 
.000000000. 

Figure 8. (A) Schematic of mimtoming prucedure used to 
obtain the TEM image shown in Figure 6. (B) Simulation of 
what the TEM image of the slice obtained as per Figure 7A 
should look like if the PANi tubules are capped at both 
membrane surfaces. 

We have found that it is impossible to completely fill 
these pores with polyaniline. That is, tubules are 
obtained even a t  long polymerization times and even if 
fresh monomer and oxidant are added. This is because 
the surface layers eventually grow completely across the 
membrane surface and block the pore ends. As a result 
of this, the monomer and the oxidant can no longer enter 
the pores, and further polymerization within the pores 
is not possible. Therefore, solid polyaniline fibers 
cannot be formed by this method. However, microtu- 
bules that are blocked on either end are obtained. Such 
 microcapsule^"^^ might prove to be interesting and 
useful microstructures for chemical or bioencapsulation. 

That capped microtubules are ultimately obtained is 
proven by the TEM image shown in Figure 7. The thin 
section used to obtain this image was microtomed as 
shown in Figure 8A. A slice that angles across the 

(25) Parthasarathy, R.: Martin, C. R. Nature ISM, 369,298. 
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Wavenumbers ( cm-1) 

1700 1600 1600 1400 

Wavenumbers ( cm-1) 
Figure 9. PIRAS data for polyaniline tubules of four different wall thicknesses. Outside diameter of tubules = 400 nm. 

entire width of the membrane was obtained. If the 
tubules within the membrane are capped, the TEM 
image of this thin microtomed slice will appear as shown 
schematically in Figure 8B. The pores on one side of 
the image will appear to be plugged with PANi because 
this portion of the sample was obtained from the top 
surface of the membrane where the PANi tubes are 
capped. In contrast, the pores in the middle of the 
image will contain rings of PANi because the caps are 
only present a t  the surfaces of the membrane. Finally, 
the pores will appear plugged at the other side of the 
image due to the caps present on the bottom surface of 
the membrane. The TEM image shown in Figure 7 
shows exactly these characteristics. 

Polarized Infrared Absorption Spectroscopy. 
We have shown that PIRAS can be used to investigate 
the extent of polymer chain orientation in template- 
synthesized fibers and t u b ~ l e s . ~ ~ ~ ~  PIRAS data for 
polyaniline tubules synthesized for various polymeri- 
zation times are shown in Figure 9. The extent of 
dichroism for tubules polymerized for a very brief time 
(thin-walled tubules) is high, indicating that the poly- 
mer chains in these thin-walled tubules are highly 
oriented. However, as polymerization time increases 
(i.e., the thickness of the tubule wall increases), the 
extent of dichroism decreases (compare the relative 
intensities of 11 and 130 in Figure 9). As would be 
expected from the absorption spectra in Figure 9, a plot 
of the dichroic ratio versus polymerization time (Figure 
10) shows that pronounced dichroism is observed at 
short polymerization times but that the extent of 
dichroism decreases at long times. This implies that 
for short polymerization times, there is greater order 
existing in the polymer chains. In other words, the 
initially formed polymer is highly ordered. As the 

(26) Menon, V.; Martin, C. R., manuscript in preparation. 
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Figure 10. Dichroic ratios (at 1600 and 1500 cm-l) for 
polyaniline tubules of various wall thicknesses. Outside di- 
ameter of tubule = 400 nm. Wall thicknesses controlled by 
varying polymerization time. 
polymerization time increases (i.e., as the tubule wall 
thickness increases), the polymer that is subsequently 
deposited becomes progressively disordered. We have 
observed a similar effect when polypyrrole films are 
synthesized a t  electrode surfaces.27 

The PIRAS data discussed above clearly shaw that 
the polymer chains in these tubules are at least partially 
aligned. These data do not however show the direction 
of alignment of the polymer chains. Two possible 
orientations of the polymer chains relative to the tubule 
axis are possible (Figure 11). If the angle that the 
transition moment makes relative to the chain is known, 
then we can distinguish between these two cases. 
Investigations on stretch-oriented PANi films have 
shown that the transition moments for the 1500 and 
1600 cm-l bands are directed parallel to the chain 
axis.23 

(27) Cai, Z.; Martin, C. R. J.  Electroanal. Chem. 1991, 300, 35 
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Polymer Chain Parallel, 
Transition Moment for 

Vibration Perpendicular 
to chain. 

Polymer Chain Perpendicular. 
Transition Moment for 

Vibration Parallel to chain. 

Figure 11. Two possible orientations of the polymer chains 
and the transition moment relative to the tubule axis. Both 
orientations would yield enhanced absorbance of Z,. 

Recall that Il and 130 are defined relative to the axis 
of the tubules. As indicated in Figure 9, when dichroism 
is observed, i t  is always the perpendicular mode that is 
preferentially absorbed. Because the transition moment 
for these vibrations is parallel to the polymer chain, 
these data unequivocally show that the polymer chains 
in these tubules are preferentially oriented perpendicu- 
lar to the tubule axes. As indicated above, we believe 
that this perpendicular orientation results because the 
polymer chains along the pore wall are similarly ori- 
ented (Figure 5).  

Thin Films. As indicated in Figure 2, we have 
developed a procedure for making thin films from the 
template-synthesized tubules. An SEM of a cross 
section of a PANi thin film prepared via this method is 
shown in Figure 12. This image was obtained by 
cracking the Anopore support membrane in liquid 
nitogen. SEM reveals uniform thin skins of PANi on 
the support membrane (Figure 12). It is interesting to 
note that the fibrillar structure of polyaniline is com- 
pletely destroyed upon application of pressure. This can 
be contrasted to the case of PPy where these films do 
not lose their tubular structure upon compa~tion.~ 
These thin films allow for four-point conductivity mea- 
surements on the template-synthesized materials. 

Dc Conductivity. Previous papers have shown that 
conductivity of template-synthesized conductive polymer 
nanostructures increases as the pore diameter de- 
creases. However, these previous conductivity mea- 
surements were made using a two-probe m e t h ~ d . ~  Since 
we now have a methodology for making thin films, four- 
probe measurements can be made on these films. These 
data are tabulated in Table 3. In complete analogy with 
previous results,’ the conductivity increases as the 

Parthasarathy and Martin 

L .. .. . ? 

I 
Figure 12. Scanning electron micrograph of a cross section 
of a polyaniline film prepared from a 0.1 pm outside diameter 
PANi tubules. 

Table 3. Conductivity as a Function of Tubule Diameter 
for Polyaniline Films Made trOm Template-Synthesized 

Tubules9 
tubule diam (nm) conductivity (S em-l) 

100 50f4 
200 14 f 2 
400 9 f 2  

Bulk conductivity of polyaniline: 9 S awl. 

diameter of the tubule decreases. Small-diameter tu- 
bules show the highest conductivity because such 
tubules contain a higher proportion of ordered chain 
material. Finally, the conductivities of these template- 
synthesized PANi tubules were compared to the con- 
ductivity of bulk polymer synthesized under identical 
conditions. The conductivity of the bulk polymer was 
9 S/cm-’ (four-probe method). Hence, the conductivity 
of thin films prepared from the narrowest of tubules is 
higher than the conductivity of bulk PANi. 

Conclusions 
Polyaniline was synthesized in the pores of mi- 

croporous polycarbonate template membranes. From 
electron microscopy studies, it  was revealed that the 
polymer nucleates along the walls and grows inward. 
PIRAS results showed that the polymer chains are 
oriented in a direction that is perpendicular to the 
tubule axis. The extent of orientation decreases as the 
walls of the tubules become thicker. This orientation 
is transferred from the polycarbonate host membrane 
due to a templating effect. 
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