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Introduction 
Polyanilines are of particular current interest primarily due to their 

relative ease of synthesis, low cost and stable conductivity in air. The 
insulating, plyaniline emeraldine base (PAM-EB) form becomes 
electrically conducting by preferential protonation or 'doping' the imine 
nitrogen sites to yield an electrically condkting polyaniline emeraldine salt 
(PANI-ES). Conductivity values of ply&lines m g e  from insulating to 
300 S/cm and are both dopant and concentration sensitive. Like most other 
organic conducting polymers, the PAM-ES form suffers from limited 
solubility in common solvents. Cao etc. al. recently found that this limited 
solubility can be overcome by functionalizing the dopant counter-anion with 
pdar'and non-polar analogs to promote solubility in common solvents. 
These functionalizedanions act as both flexiblizers and surfactants to the 
stiff polyaniline backbone to result in a soluble and processable form of 
PAM-ES. In addition to counter-anions providing surfactant activity, the 
structure of the dopant counter-anion may influence the nature of how the 
charged plyaniline chains stack into crystal structures, which in turn, 
affects the bulk electrical conductivity of the PAN-ES. 

Another barrier to the use of these materials is that their doped form, 
when cast from solution, is inherently brittle, and thus must be blended with 
another polymer to be useful in most industrial applications. In PANI-ES, 
the onset of electrical conductivity occurs at low volume fractions of the 
conductive component, compared to metal filled composites.* This is 
primarily due to the unique morphology of the PAM-ES that is formed 
within the insulating host polymer. PAM-ES forms a network structure at 
volume fractions of 1 %.3 The mechanism behind the formation of this 
immiscible polymer network may be due, in part, to the polarity differences 
(induced by the functionality of the dopant counter-anion) in the doped 
pdyaniline and the insulating host polymer. This phase separation of 
PAM-ES and an insulating matrix into a cellular-like network is c e n t d  to 
the idea of obtaining high conductivities at low salt loading fractions. 

In this paper, wide and small angle X-ray scattering techniques (i.e. 
WAXS and SAXS) and light microscopy are used to characteriz~ the 
influence of the dopant's structure on the morphology of both polyaniline 
salt and blend. In an attempt to modify the morphology of the PAM-ES, 
we have evaluated a number of doping acids (Le. methane sulfonic acid 
(HMSA), butane sulfonic acid (HBSA), dodecyl benzene sulfonic acid 
(HDBSA) and camphor sulfonic acid (HCSA)) that vary in size and polarity 
to better understanding the role of the acid in PAM-ES's morphology and 
the resulting electrical conductivity. These salts were solution blended with 
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polycapmlactam using hexafluoro-2-propanol (HFIP) as a solvent. Our 
other god was to investigate the effect of the counter-anion structure on the 
natureof the phase separated PAN-ES network. The shape of the PANI- 
ES network in the host polycaprolactam has important implications on the 
nature of conduction behavior and the final electrical conductivity of the 
blend. 

Experimental 
Synthesis: Polyaniline emeraldimbase (PAM-E6) was -via the FeQ, 

method as dasaibedelsewhere.4 
Doping. Doped polyaniline solutions were preparedin hexafluom2-propand (HFIP) 

by a solution doping method' Solutions tumedfrom blue I brown color to a forest greea 
der* - 'stic of doped polyaniline. Molar doping of undo@ plyaniline is 
calculated for polyaniline emeraldine salt from the mole ratio y = (moles of dopant) I 
(moles of phenyl-NH). determined by elemental analysis. Optimally aoped pdyaniline 
has the value of y = 0.5. Dopants used were: camphor sulfonic acid (HCSA), Adrich, 
methane sulfonic acid (HMSA), Aldrich; butane sulfonic acid (HBSA), Eastman Kodak 
and dodecyl benzene sulfonic acid (HDBSA), TCI America Pdycapmlactam (Aldrich) 
was vacuum ctriedbefonesolution blending. All PANI-ES solutions were filtered with a 
0.50 pm fiter. 

Film preparation: AU filtered dopedpolyaniline salt and blend solutions wee 
solution cast onto a Teflon mtedglass substrate. They werecoveredwith a glass dish to 
allow for slow evaporation (over a period of 24 hours) of the solvent at room temperature. 
HFIP. with a boiling point of 60 'C, allows gentle stripping at room temperature. All 
films were peeled off the Teflon substrate and dried in a dynamic vacuum oven at 75 'C 
for approximately 24 hours. From fluorine elemental analysis, percent residual HFIP 
solvent in films was less than 0.58 (wtlwt). This casting process from HFIP puduced 
robust, free standing and solvent free polyaniline salt and blend films. 

WAXS Md SAXS &tu acquisition: Wide angle X-ray scattering af 
polyaniline films were collectedon a Scintag PAD X diffractometer with Bragg-Bxenm~ 
geometry and an energy dispersive detector. Copper K,  radiation (h = 0.1542 nm) was 
used. The divergence, air scatter* acceptance and detecta slits were 0.2, 0.3. 0.1, 0.05 
mm, respectively. Data were collectedfrom 1.5 to 45 degrees28 in steps of 0.05 degres 
for periods of 40-65 seconds I step. The samples were made by stacking the f ims  aod 
approximate corrections were made for sample size, absoxption and polarization. 

SAXS scattering measurements were cmductd at the 10 m facilitys at Oak Ridge 
National Labomtory (ORNL). The incident radiation in SAXS was copper K, from a 
rotating anode source equippedwith a monochromator. A Q range of 0.05 - 4.5 nm" was 
used, where Q = (4dAC).sine with h d.154 nm, the X-ray wavelength, and 8, me half 
the scattering angle. Free standing isotropic film samples of - 6 mm diameter were cut 
and stxked to achieve a sample thiclmess of 0.55 mm. Samples were placedin a IMmd 
multiple sample holder for transmission X-ray scattering. The data were then converted to 
an absolute scale by comparison with secondaq standards6 and reported as differential 
cross sections per unit volume of sample, @EIdQ), with units of an-'. Standard 
carrectioas for detector efficiency, backgmund, empty cell scattering and sample 
transmission wert applied. For Comparison with wide angle X-ray scaaering (WAXS) (at 
the 8 8 m ~  A) this corresponds@ a 28 rangeof0.07 - 6.3". 



Results and Discussion 
X-ray scattering of PANI-ES. Figure 1 shows WAXS 

diffractographs for several optimally doped polyanilines emeraldine salts 
(i.e. PAM-0.50-ES) and an undoped polyaniline emeraldine base (i.e. 
PAM-EB) cast from HFIP. In general, doping acts to change the 
crystalline order of the PAM-ES. This increase in order is apparently due 
to the increase in chain mobility. However, as seen in Figure 1, the relative 
increase in the degree of crystallinity from PAM-EB to PAM-ES is 
dependent upon the choice of dopant. Optimally doped PANI-0.50-HCSA 
salt shows the highest number of diffraction peaks compared to the other 
dopants surveyed. 

Also seen in Figure 1 is evidence of the effect of interchain packing of 
polyanilinechains as a function of dopant counter-anion size. The smaller 
dopant, HMSA, shows a small diffraction peak at 8.9 O (20), d= 0.99 nm. 
This highlighted peak in Figure 1 shifts to smaller scattering angles as the 
counter-anion increases in size from HBSA (5.0 O (20), d = 1.8 nm) to 
HDBSA (2.6 (20), d = 3.4 nm). It is thought that the respective PAM- 
ES contain regions of layers which are determined by the dopant counter- 
anion size. The lack of well defined Bragg reflections in these PAM-ES 
samples does not permit a more detailed interpretation of chain ordering. 

Since transport of charge carriers (i.e. chain hopping) occurs along the 
chain direction and between chains, it is likely that dopant induced changes 
in the polyaniline chain spacing are related to the observed (Figure 1) 
electrical conduction properties. 

Scatteeng by PANI-ES I polycaprolactam blends.  Figure 2 
shows SAXS from PAM-ES / polycaprolactam blends. At the lowest 
values of Q (i.e. e 0.5 nm-') intense scattering indicates the presence of 
some additional component (i.e. perhaps small voids) in 100 % 
polycaprolactam, PAM-ES and respective blends. In addition, the 100 % 
polycaprolactam sample has a small shoulder at Q .II 0.9 nm-' or 1.1' (26) 
that corresponds to an 8 nm periodicity. This implies that the host material is 
semi-crystalline when cast from HFIP solvent. The - 40 % (vol/vol) 
blends are seen to suppress the 8 nm periodicity between the lamellae 
crystals. However, the degree to which this long-range order is suppressed 
is seen to be dependent upon the functionality of the dopant counter-anion. 
For example, the 41 % loading of PAM-0.50-HDBSA shows some 
remnants of the peak corresponding to the 8 nm lamellae spacing; however, 
the 41 % PANI-0.50-HCSA completely suppresses the peak. This 
suggests that the HCSA dopant anion is interacting with the 
polycaplactam to a greater extent. This is primarily due to a combination 
of an increase in hydrogen bonding interactions and similarities in polarity 
between the two blend components. The Same trend is found in the 20 % 
(vol/vol) loading of the respective salts in polycaprolactam. 

The W A X  diffwtograph in Figure 3-e shows that the polycaprolactam 
crystal structure is primarily the a form ' when solution cast fmm HFIP. 
As Seen in Figures 3-a to 3-d the host polymer displays two large diffraction 
peaks that do not shift as a function of dopant counter-anion structure. This 
suggests that the short-range order (Le. the unit cell) in the polycaprolactam 
matrix is not perturbed by the respective PAM-ES. 

Even though the SAXS shows an increasing amount of disorder between 
lamellae crystals as a function of PAM-ES content, the W A X  displays a 
large amount of crystallinity left in the polycaprolactam. This suggests that 
there are regions of incomplete mixing between the two components and the 
conductive blends surveyed are characterized as a phase-separated system. 



Light microscopy. Blends of PAN-O.%HMSA and PAM-0.50- 
HDBSA with polycaprolactam showed some level of phase segregation at 
volume fractions of less than 1 96 of PAM-ES. As seen in Figure 4, the 
micrographs of the PAN-0.50-HDBSA domains are globular, whereas the 
more polar dopant, PAN-0.50-HMSA yields a more expanded, continuous 
morphology in the same polycaprolactam matrix. The nature of the dual 
phase behavior in both of these blends is thought to be due to the 
differences in conformation between the semi-rigid PAM-ES and the 
flexible polycaprolactam and differences in dopant polarity. We propose 
that the resulting blend morphology in the micrographs stems from the 
different degrees of compatibility between each respective salt in the 
polycaprolactam. From Figure 4, the lower conductivities in the PANI- 
HDBSA blend parallel a coarser, more aggregated morphology whereas the 
higher conductivities accompany a finer, more dispersed network in the 
PANI-HMSA blend. 
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Figme 4 Light m i c t t x c q y  micrographs of blends cast from hexafluo~+Zpropand:  
(a) 0.5 '3 ( v d v d )  PANI-0.50-HMSAI nylon 6; (b) 10 I (vol/vol) PANI-0.50-HMSA 
/nylon 6; (c) 0.5 % (vol/vol) PAM-0.50-HDBSA I nylon 6; (d)lO9i (vol/vol) PANI- 
0.50-HDBSAI nylon 6. Dark areas are PANI-ES. 
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