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ABSTRACT Small-angle X-ray scattering data obtained from drawn films of the emeraldine base form of 
polyaniline indicate the development of an array of crystalline regions which is periodic along the draw axis. 
The spacing is 16 * 3 nm and the extent of the crystallites is about 6 nm. Doping the films with C1- appears 
to reduce the electron density of the crystalline regions and eliminates this source of scattering. 

Introduction 
The drawing or stretching of polymers has often been 

used to enhance physical properties of technological 
interest such as tensile strength and more recently 
electrical conductivity.'" The processing invariably re- 
sults in structural changes at  various levels, and it is of 
interest to determine these changes and, if possible, 
correlate them with the property of interest. As a 
contribution toward this end, small-angle X-ray scattering 
(SAXS) observations which provide information on a scale 
of 5-100 nm have been obtained for films of drawn em- 
eraldine and the conducting salt formed by subsequent 
doping with C1-. The origins of SAXS are spatial 
fluctuations in the electron density which are typically 
identified with the presence of scattering entities such as 
microvoids, fibrils, and crystallites. Supplementary mea- 
surements are often necessary to determine the nature of 
the scattering entities, and here, wide-angle X-ray scat- 
tering was used to verify the presence of a crystalline phase. 

Experimental Section 
A 2% solution (w/w) of emeraldine base ([-NHC& 

NHC6H4N=C6H4=NCsH4-Ix) in N-methyl-2-pyrrolidinone 
(NMP, Aldrich Chemical, 99%) was made by slowly adding 20 
g of finely ground emeraldine base powder to 1 L of NMP which 
was magnetically stirred. Approximately 250 mL of this solution 
was poured onto a clean 8 in. X 15 in. sheet of glass. Two of these 
coated glass sheets were placed in a vacuum oven (Fisher Isotemp) 
at -50 OC for - 24 h. 

After the films had dried they were removed from the glass 
by immersion in distilled water and peeled off. The film was cut 
into 1.5-in. wide strips 15 in. long. Each strip was threaded 
through a uniaxial web stretching device (Foster-Miller COY 
where it contacted two heated rollers. The first roller is where 
the stretching takes place; it was set a t  148 * 2 OC, as confirmed 
by a thermocouple. The second heated roller is used for annealing 
the sample, and it was set at 100 * 2 "C. Stretching ratios are 
controlled by varying the speeds of the pinch rollers as the film 
is fed through the device. The samples were made of carefully 
aligned stacks of the films which were typically 10 Nm thick. 

The SAXS experiments were done with the Oak Ridge National 
Laboratory SAXS facilitf which makes use of a rotating anode 
X-ray source (Cu Ka), pinhole collimation and a two-dimensional 
position sensitive detector (20 x 20 cm). Various angular ranges 
are obtained by changing the sample to detector position and, 
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for this work, distances of 2 and 5 m were used. Absolute 
intensities were obtained by calibration with a polyethylene 
standard? The corresponding range in the scattering momentum 
transfer k = (4?r/X) sin (&&) was 0.04-1.5 nm-l. The wide- 
angle photographs were obtained with a standard flat film X-ray 
camera which used Ni filtered Cu radiation. 

Discussion 
For randomly oriented scattering entities the isointen- 

sity contours of the scattered radiation are in the form of 
concentric rings. The scattering from a sample with a 
draw ratio of 2 showed no significant deviation from this 
pattern, and the magnitude of the scattering was also not 
significantly different from an unstretched sample. This 
was not the case for a sample with a draw ratio of 2.5, as 
may be seen in Figure la. The isointensity contours in 
the central portion (corresponding to the smallest scat- 
tering angles and largest dimensions) are roughly elliptical 
with a major axis parallel to the draw direction. Due to 
the reciprocal nature of scattering this type of contour 
indicates the presence of scattering entities elongated 
perpendicular to the draw axis. This feature was also found 
in emeraldine films drawn under somewhat different 
conditions.4 As the scattering angle increases the major 
axis of the contours becomes perpendicular to the draw 
axis and implies the presence of scattering entities 
elongated parallel to the draw axis. The latter feature is 
quite common in drawn polymers and is frequently 
attributed to voids which have been stretched parallel to 
the axis. These voids can take the form of elongated 
cavities in an otherwise structureless matrix or can be the 
empty spaces occurring in an mat of partially oriented 
fibrils which are disperse in diameter. The available 
information does not permit distinguishing between these 
possibilities. The superposition of scattering entities 
indicated in Figure l a  is somewhat less common but has 
been observed before in other polymers (e.g. ref 8) and 
may be associated with the  onset of ~raz ing .~  The wide- 
angle X-ray scattering from the sample is shown in Figure 
2a and is similar to that observed for stretched amorphous 
polymers.1° On this basis there is no reason to attribute 
the SAXS observations to the presence of crystallites. 
SAXS data were also obtained on a sample with a draw 
ratio of 3, and the contour plot was found to be quite 
similar t o  Figure la. 

There is no obvious way to unequivocally separate the 
contributions from the two types of scattering entities 
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Figure 1. (a) Isointensity contours for undoped sample with a 
draw ratio of 2.5. Apparatus was in 5-m configuration. This and 
all subsequent plots represent data which have been corrected 
for detector sensitivity, background, and transmission. The 
minimum and maximum contours are the same for all plots. Draw 
axis is vertical. (b) Results for undoped sample with draw ratio 
of 4. 

and obtain the characteristic dimensions of each parallel 
and perpendicular to the draw axis. However, a qualitative 
estimate of an average dimension is provided by applying 
the usual Guinier analysis'' to an azimuthal average of 
the data. In this analysis, a t  the smallest angles, the 
scattering intensity is given by 

and the radius of gyration (R,) may be obtained from the 
slope of a plot of the log of the intensity versus k2. In this 
manner an estimate of 2+25 nm was obtained for R,. In 
the approximation of a spherical scattering entity this 
implies a diameter of approximately 50 nm. 

The isointensity contour plot for a sample with a draw 
ratio of 4 is shown in Figure lb. Here also the central 
portion of the plot indicates scattering from a superpo- 
sition of entities oriented parallel and perpendicular to 
the draw axis. Figure 3 indicates that meridional (parallel 
to the draw axis) intensity slices for the samples drawn 
2.5X and 4X are quite similar in the core region. The 
shapes of the equatorial slices were also found to be similar. 
The equatorial slice for the sample with a draw ratio of 
4 is shown in Figure 4. No structure is noticeable in the 
equatorial slice (Figure 4) which implies that no new type 
of scattering element contributes to the scattering in this 
direction. 

From Figure l b  it is quite apparent that this is not the 
case for scattering a t  larger angles along the meridional 

Figure 2. (a) Wide-angle pattern for undoped sample with draw 
ratio of 2.5; draw axis is vertical; approximate range in 28 is 40°. 
(b) Same for doped sample drawn 2.5X. 
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Figare 3. Meridional intensity slices in absolute units of cro88 
section per unit volume (cm-I), 2.5X ( 0 )  and 4X (+) samples, 5-m 
configuration. 

direction. Quite distinct lobes have developed in the 
contour plot and correspond to the shoulders evident in 
Figures 3 and 5. Patterns analogous to Figure l b  have 
frequently been observed for drawn partially crystalline 
polymers (e.g. refs 12 and 13), and the wide-angle scattering 
pattern shown in Figure 6a provides a clear indication 
that crystalline regions are present in this sample. The 
SAXS data indicate that these regions have a periodicity 
along the draw axis. The lobes were also observed for a 
sample with a draw ratio of 3.5, and a wide-angle pattern 
similar to Figure 6a was observed as well. In the ideal case 
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Figure 4. Equatorial slice for doped (4) and undoped sample 
( 0 )  with draw ratio of 4. Data from 2- and 5-m apparatus 
configurations have been combined. 
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Figure 5. Meridional slices for doped (4) and undoped ( 0 )  
sample drawn 4X. Data from 2- and 5-m configurations have 
been combined. 

the lobes along the meridian would be well separated from 
the scattering at  smaller angles and the so-called long 
period, between the crystalline regions, can readily esti- 
mated from Bragg's law (d = 2 ~ / k m , ,  where km, is the 
position of maximum intensity). Here the intense scat- 
tering a t  the smallest angles introduces an element of 
uncertainty as to the exact peak location; however, from 
Figure 3, a value of k = 0.4 f 0.08 nm-I appears to be 
appropriate. This gives a spacing of 16 f 3 nm. The lack 
of any similar feature in the equatorial slice suggests that 
there is no significant correlation between crystalline 
regions in this direction. An extensive effort was made to 
improve the estimate of the spacing through the use of the 
paracrystalline model developed by Hosemann and co- 
workers.12 However, no acceptable fit could be found that 
would cover the region of smallest angles below the 
shoulder. This reinforces the suggestion that the scattering 
is due to more than one source. 

A standard Scherrer peak width analysis14 of diffrac- 
tometer traces through the first two equatorial peaks and 
the meridional peak of Figure 6a produced a value of 6-7 
nm for both directions. This similarity in the dimensions 
is in accord with the general appearance of the lobes in the 
contour plot (Figure lb) in the sense that the extent in the 
two directions is much the same. For comparison, the 
dimensions for the crystallites are similar to those obtained 
from the SAXS analysis of drawn polypropylene12b and 
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Figure 6. (a) Wide-angle pattern for undoped sample with draw 
ratio of 4; draw axis is vertical; approximate range in 28 is 40'. 
(b) Same for doped sample drawn 4X. 

Nylon 6.16 The diameter compares well with the 5-nm 
value obtained by Pouget et al.16 by wide-angle scattering 
from an emeraldine film with a draw ratio of 3. However, 
a value of 15 nm was obtained for the dimension parallel 
to the draw axis in that work. The difference in the 
estimates of the crystallite sizes could indicate that the 
crystallization is sensitive to the details of the processing. 

The structural changes brought about by doping the 
emeraldine films to produce the conducting HC1 salt form 
are of interest in an ongoing effort to understand and 
improve the electrical properties of the material. Con- 
sequently, when the measurements were completed, the 
samples were doped in 1 M HC1 to the maximum [ClI/[N] 
ratio of 0.5. The SAXS and wide-angle measurements 
were then repeated. In the case of the sample drawn 2.5X 
little difference is apparent in the isointensity contour 
plot (Figure 7a). In addition the radii of gyration were . 
not affected outside experimental uncertainty (10 96 ). 

The effect of doping the sample with a draw ratio of 4 
was also relatively little at  the smallest scattering angles, 
but as can be seen in Figures 5 and 7b, the lobes along the 
meridian have disappeared. The latter requires that the 
regions of different electron density arrayed along the draw 
axis are no longer present. This could occur by increasing 
the electron density of the amorphous regions or decreasing 
that of the crystalline regions. Flotation measurements 
on "X-ray amorphous" samples of doped films indicate 
that the density approaches that of the undoped crystalline 
material (as calculated from the unit cell data of Moon et 
al. (0.419 nm3)17 and Pouget et al. (0.450 nm3).16 Conse- 
quently, the contrast originally causing the scattering 
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When the integral is approximated by a spherical average 
and use is made of the Porod tail model18 for the scattering 
at large angles, an estimate for the volume fraction of 0.002 
attributed to voids results for the sample with a draw ratio 
of 4. This is roughly a factor of 20 times greater than that 
for the sample with a draw ratio of 2. The radius of gyration 
for the azimuthal average of the scattering at the smallest 
angles implies a diameter of approximately 50 nm and 
this varies only by about 15 94 as the draw ratio is changed. 
This indicates that the volume fraction increases princi- 
pally by a change in the number density. The possibility 
that the scattering arises from particles of foreign matter 
whose population can increase with draw ratio and are of 
this size seems remote. 

Conclusions 
Under the prescribed conditions, drawing a film of poly- 

aniline in the emeraldine base form can induce an array 
of crystalline regions with a degree of periodicity along 
the draw axis. No evidence of spatial correlation per- 
pendicular to the axis was found. Doping the material 
with C1- causes a homogenization of electron density so 
that the periodicity, if indeed it  still exists, is no longer 
readily observable by small-angle X-ray scattering. The 
wide-angle scattering for the doped material became more 
diffuse but suggested that some degree of crystallinity is 
still present, and it would seem unlikely that the periodicity 
is completely destroyed. An unfortunate conclusion which 
can be drawn from the results is that SAXS is unlikely to 
be a useful tool for monitoring the disposition of crys- 
tallites in doped versions of the polymer. 

Initial infrared and UV-visible spectroscopic measure- 
m e n t ~ ~ ~  on the doped, unstretched films have found an- 
isotropic optical constants which vary with the stretch 
ratio. However, there is no indication that appearance of 
periodicity in the SAXS data for ratios greater than 3 is 
related to the variation of these constants. 

In the case of the doped, stretched polymer anisotropy 
has been observed in the temperature dependence of the 
DC conductivity and the dielectric constant and it has 
been suggested that the behavior is in accord with a model 
in which the size of the crystallite regions is of importance 
rather than the magnitude and nature of the intercrys- 
talline spacing.20 Consequently, at this time it is not clear 
what the role of a residual periodicity in the doped polymer 
might be. 

c . *  

' 9  

Figure 7. (a) Isointensity contours for sample drawn 2.5X and 
doped. Draw axis is vertical. (b) Isointensity contours for sample 
drawn 4x and doped. Draw axis is vertical. 

would be reduced if the amorphous regions were to 
preferentially take up the C1- ions. However, the wide- 
angle scattering pattern Figure 6b does not resemble a 
superposition of structures with a contribution from un- 
doped crystalites. Therefore, it would appear that the 
electron density of the crystalline regions is reduced by 
the doping. This is consistent with the rather surprising 
observation of Pouget et a1.16 that the unit cell volume 
(0.585 nm3) of the salt obtained from doped and stretched 
NMP cast film increases substantially more than would 
be expected from the introduction of C1- ions. 

The observation that the doping has a significant effect 
only on a feature that can be correlated with the presence 
of crystallites substantiates the suggestion that the scat- 
tering from the undoped samples at the smallest angles 
and along the equatorial axis at wider angles (Figure 1, 
parts a and b) is not due to crystallites. In addition the 
6-nm crystallite dimension found from the wide-angle 
scattering is too small to account for this scattering. On 
the assumption that this scattering is due to voids, an 
estimate, albeit a crude one, of the volume fraction can be 
obtained from the scattering invariant relation'l 

(4) 

where p is the electron density of the solid, RT is the 
Thomson electron radius and 4" is the volume fraction of 
the voids. This is valid only for a two-phase system, and 
the approximation is made that the scattering is signif- 
icantly affected by crystallites only for k greater than 0.25 
nm-'. The mass density of several emeraldine base films 
has been determined by flotation to be 1.22 f 0.02 g/cm3. 
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