Structural aspects of stretched emeraldine
as determined by X-ray scattering
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Small angle X-ray scattering experiments on amorphous and partially crystalline samples of polyaniline
stretched by two different methods indicate the development of quite different structural features in the
size range 5-100 nm. A qualitative comparison of wide angle scattering data shows that both processing
methods produce orientation at the molecular level. The two types of scattering experiments indicate that
the stretching processes result in reduced crystallinity. Doping the stretched polymers with C1~ was found
to produce changes in both large and small scale structure.
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INTRODUCTION

Of current interest in the area of conducting polymers is
the enhancement of conductivity produced by stretching
the material. This approach has been applied with success
to polypyrrole!, poly(p-phenylene vinylene)?, poly-
acetylene®, and recently to polyaniline*. In general
stretching a polymer can introduce a variety of morpho-
logical effects, and the possible influence of the morpho-
logy on the conductivity is an open question. For
example, the conductivity becomes anisotropic upon
stretching, and in the case of polyacetylene, electron
micrographs’ showed that a substantial increase in the
alignment of fibrils in the films occurred. A qualitative
explanation for the difference in the conductivity parallel
and perpendicular to the stretch direction is that in the
latter an additional interfibril transfer is involved.
Conversely, no evidence for fibril formation or alignment
which could be correlated with conductivity changes was
found for poly(p-phenylene vinylene)?. Further under-
standing is unlikely without additional information on
the structural effects caused by the stretching process
and, as part of an effort to characterize such effects in
polyaniline, X-ray scattering techniques have been em-
ployed, and the results are presented here.

One of the techniques is small angle X-ray scattering
(SAXS) which has provided information on a variety of
features in the size range 5-100 nm (ref. 8). The scattering
arises from fluctuations in the electron density which are
typically due to the presence of microvoids, fibrils, and
crystallites. Because of the variety of sources of the
scattering, supplementary measurements can help to

T A recent review of the subject for semi-crystalline polymers has been
given by Peterlin® and the behaviour of a number of amorphous
polymers has been discussed by Berger®
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identify the nature of the scattering elements. Con-
sequently, wide angle X-ray scattering (WAXS) was used
to provide an indication of orientation at the molecular
level and to establish the presence of crystallites in some
of the samples.

EXPERIMENTAL

The polyaniline powders and solutions have been
obtained by the technique described previously®!°. A
polymeric stretchable support (5 x 2 x 0.01 cm) such as
polypropylene, polyethylene, polybutadiene or poly-
(tetrafluoroethylene) (Teflon) was clamped in a labora-
tory stretching device and a ~ 2% solution of polyaniline
(emeraldine base) in N-methylpyrrolidinone (NMP) was
poured onto the substrate. A heating infra-red lamp
(250 W, General Electric) was placed ~20 cm from the
substrate, and the solvent was evaporated at ~ 60°C over
~ 20 min until the semi-solid resulting mixture was just
no longer ‘tacky’ to the touch. At this time, the
temperature was raised to 70-90°C (technique A) and to
110-150°C (technique B}, and stretching was commenced
at a rate of ~lcmmin~! to stretching ratios up to
~I/ly=3.5 (where I=final length and I, =initial
length)*.

Four different batches of emeraldine base were used
to provide samples for the X-ray investigation. The
supports were removed and measurements were made
on stretched and unstretched samples prepared from each
batch, and in two instances samples which were stretched
and subsequently doped with C1~ by immersion in 1M
HCI were also examined.

The SAXS experiments were done with the Oak Ridge
National Laboratory SAXS facility!! which makes use
of a rotating anode X-ray source (Cu Ka), pinhole
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collimation, and a two-dimensional position-sensitive
detector. Various angular ranges are obtained by chang-
ing the sample-to-detector position, and for this study
distances of 1, 2 and 5 m were used. The corresponding
range in momentum transfer was ~0.04-4 nm~'. Absolute
intensities were obtained by calibration with a poly-
ethylene standard'?. The WAXS results were also
obtained with a Cu Ku rotating anode source and a
goniometer which provided for step scanning a scintilla-
tion detector. Both types of observations used the same
samples which were composed of stacks of 5-10 um thick
films.

RESULTS AND DISCUSSION

Unstretched bases

Diffuse small angle scattering from an amorphous,
unoriented polymer containing no impurities indicates
the presence of voids in the material. The nature of the
voids can be characterized by the angular distribution
which is related to the size and the integrated scattering
which is related to the volume fraction. Guinier’s law®?
provides a means of extracting size information. It applies
to the case of a monodisperse system of scattering
elements and is given by

I(k) =1(0) exp(— (kR,)*/3) (1)

where I(k) is the cross-section per unit volume (in units
of cm '), the momentum transfer magnitude is given by
k=(@4n/A)sin ®, 1 is the wavelength of the incident
radiation and 2@ is the scattering angle. The electronic
radius of gyration is R,, and in the case of a spherical

scatterer, the sphere radius is R, = ./5/3R,. The slope of
a plot of InI(k) versus k* provides a value for R,.
Generally, at larger angles, some degree of curvature is
found in this type of plot and can be due to a distribution
of sizes and deviations from sphericity.

The integral of the intensity over reciprocal space is
related to the mean square fluctuation of the electron
density and in the case of a two-phase, isotropic system
this relationship may be written

0= f LRI k=220, — pabids ()
0

the extension to three phases is given by'#
Q=21 {(p, — P2V’ P12+ (02— p3)° 203
+ps—p1)¢s0) 3)

where Q is the so-called invariant, r, is the Thomson
classical electron radius, and p; and ¢; are the electron
density and volume fraction, respectively, of the ith phase.

Some of the angular distribution data at the smallest

Table 1 Data for the samples studied

angles for the samples designated AA and AC are plotted
in the form of the Guinier equation in Figure 1. The
corresponding values for the radii of gyration are
tabulated in Table 1. For k>0.4nm™' the scattered
intensity for AC can be seen to be of greater magnitude
than that for AA. This continued to be the case until
k=2.5nm"' and suggests a difference in the two
samples. This was clarified by WAXS which found no
evidence for crystallinity in AA whereas crystalline peaks
are evident in the data for AC. Similar features have been
noted previously by Moon et al.'®, Jozefowicz et al.'®,
and Fosang et al.'”.

A complete interpretation of SAXS from a three-phase
system (voids, amorphous, and crystalline) can be quite
complicated'*'®, However, the plot of a portion of the
kernel of equation (2) as shown in Figure 2 suggests that
the contribution to the invariant from the crystalline and
void phases are sufficiently well localized to permit an
estimate of the volume fractions. A value of the invariant
for the crystalline phase was obtained from the integral
of the difference of k2I(k) for the partially crystalline and
amorphous samples as shown in Figure 2. A density of
1.43 g cm ™3 was obtained from the unit cell of Moon et
al.'®. The density of the amorphous phase was deter-
mined to be 1.22 g cm ~® by comparison with the densities
of known liquids. Equation (2) was then used to provide
an estimate of 0.03—0.05 for the volume fraction of the
crystalline phase. If the entire invariant for sample AC
was ascribed to the crystalline phase, a value of 0.08
would result. In the case of sample AA, application of
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Figure 1 Guinier plots: A, sample AA, R, =39 nm: O. sample AC,
R, =29 nm. SAXS apparatus in 5 m configuration

Crystalline fraction

Void fraction

Sample R, (nm) (x107%) SAXS
AA 39 5
AC 29 6 0.03-0.05
BA 32 3

4 0.02-0.03

WAXS L (nm) W (nm)
0.05 75425 8§+2

0.05 60+15 11+2
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Figure 2 I(k)k® versus k: A, sample AA; O, sample AC; a background
of 0.018 (cm ~ ) has been subtracted from each curve. +, The azimuthal
average of the data for the 250% stretched sample corresponding to AC

equation (2) provides a value of 5 x 10~ * for the volume
fraction of voids. For sample AC, extrapolation of the
curve from k =0.2 nm ™! outward with the ‘Porod tail’
model'® results in a value of 6 x 10™* for the volume
fraction of voids. These values are quite similar to those
obtained by Russell?® on samples of Kapton by SAXS.
An estimate of the size of the crystallites can be
obtained from the Porod ‘distance of heterogeneity’!

L=n=n J kI(k)ydk/Q 4)
0

for spherical scatterers, the diameter of the sphere is given
by D =4/3L. The value of the integral in the numerator
is more sensitive to the details of the calculation than is
the case for the invariant integral, nevertheless, a value
of 7.5 + 2.5 nm results. A similar estimate of the crystallite
size can be obtained from the WAXS data with the aid
of the Scherrer formula

W = (0.884/A(20) cos ©) ()

where A(20) is a full peak width at half maximum and
W is an average dimension for roughly equiaxed objects
(cf. ref. 22). From this approach, an average value of
8 + 2 nm was obtained from the three peaks shown in
Figure 3. An estimate of the crystallinity can also be made
from the WAXS data, but unlike the SAXS estimate, it
is quite sensitive to the choice of an amorphous
background which must be subtracted. One approach is
to simply draw a smooth curve across the base of the
peaks, and this leads to a crystallite fraction of about
0.09. Another approach is to subtract an appropriately
normalized amorphous curve. This would give a value
of 0.01 but is quite sensitive to small errors in the
normalization. The average value of 0.05 is in satisfactory
agreement with the SAXS estimate.

Both SAXS and WAXS data for an amorphous and a
partially crystalline sample from batches which were
stretched by technique B were also obtained. The WAXS
results from the amorphous sample are shown in Figure
4, and the data for the partially crystalline sample are
analogous to that shown in Figure 3. A portion of the
SAXS data are shown in Figure 5. There is a distinct
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Figure 3 WAXS data from 250% stretched and unstretched versions
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Figure 4 WAXS data from sampie BA and the 350% stretched version
of it. Intensities normalized by sample thickness. Symbols as in Figure 3
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Figure 5 SAXS data with instrument in 2 m configuration: O, un-
stretched sample BC; A, radial average of data from 250% stretched
version
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change in slope at k ~0.4 nm ! and a plot of 1k? versus
k gives a result similar to that discussed for Figure 2.
Analysis of the data as described above led to results
which are summarized in Table 1.

Stretched bases

Contour plots of the scattering from two samples
stretched by technique B are shown in Figure 6. The data
was obtained with the SAXS apparatus in a configuration
(5 m) that viewed the smallest scattering angles (k ~ 0.04—
0.4nm™%). Figure 6a is for a sample (designated BCS)
which was stretched 250% and came from a partially
crystalline batch. The corresponding unstretched sample
has been designated BC. No anisotropy is evident, nor
is there any indication of interference peaks which would
indicate the presence of aligned scattering elements such
as fibrils or lamellae. Such features with characteristic
dimensions greater than 100 nm could exist but would
not be observable. A comparison of the scattered intensity
at larger angles for the stretched (BCS) and unstretched
samples (BC) is shown in Figure 5. It is clear that the
contribution (k =0.4-2.0 nm™!) that was attributed to
crystallites has disappeared in the processing. This
reduction in crystallinity was confirmed by the WAXS
data which was similar to that shown in Figure 3.
Calculation of the invariant for the stretched sample gives
a value less than half that attributed to voids in the
unstretched sample, BC. The R, value was determined
to be 29 nm which is the same as that for BC within the
experimental uncertainty. In essence, at the length scale
accessible to the SAXS technique, the processing has
tended to homogenize the material. However, WAXS
results analogous to those shown in Figure 3 indicate
that this is not the case at the molecular level. A difference
between the scans taken with the stretch axis coplanar
{meridional) and perpendicular (equatorial) to the plane
of the scan is typical of an oriented material. It should
be noted that other X-ray?® and spectroscopic®* studies
on other stretched emeraldine samples have been recently
reported which provide a more quantitative measure of
chain alignment.

Figure 6b was obtained from a sample that was
stretched 350% (designated BAS) and which showed no
indication of crystallinity in either the stretched or

(a) (b)

Figure 6 SAXS data with instrument in 5 m configuration: (a) 250%
stretched version of sample BC; (b) 350% stretched version of sample
BA. The outermost contours correspond to the same values of the
scattered intensity and increase inward at the same rate. Stretch axis
is vertical. (All contour plots have been corrected for background,
detector response, absorption and put on an absolute intensity scale.)
The line segment corresponds to k=0.1 nm ™!

Figure 7 SAXS data for two stretched samples: (a) and (c) correspond
to the stretched version of AA; (b) and (d) correspond to stretched
version of AC. Stretch axis is vertical. (a) and (b) 5 m configuration;
(c)and (d) 1 m configuration. The intensity contours for (a) are a factor
of 10 greater than in (b). Those for (c) and (d) have the same value.
The innermost contours for 1 m have the same value as the outermost
at 5m. The line segments correspond to k=0.1 nm~' for 5m and
0.5nm™! for I m

unstretched forms. The elongation of the contours
perpendicular to the stretch direction is a common
characteristic of SAXS from stretched polymers®®. Due
to the reciprocal nature of scattering, such a pattern
indicates the presence of scattering elements with a minor
axis perpendicular to the stretch axis. The eccentricity of
the contour lines is quite small and amounts to only
1.1-1.2. Intensity profiles parallel and perpendicular to
the stretch axis do not indicate any interference effects
and are typical of diffuse polydisperse scatterers. This
sample differs from that previously discussed (BCS) in
that R, is 25% larger than that of the corresponding
unstretched sample, BA. This increase is accompanied
by an increase of 30-50% in the invariant and is
qualitatively consistent with a picture of relatively large
voids which have expanded in a slightly anisotropic
manner. SAXS data extending to k = 4.5 nm ™! were also
obtained and showed no significant difference between
the stretched and unstretched samples. WAXS data are
shown in Figure 4 and confirm that the processing has
introduced anisotropy at the molecular level.

The isointensity contour plots for two samples
stretched by technique A are shown in Figure 7 and are
substantially different from those discussed above. Figure
7a corresponds to the stretched version (300%) of the
amorphous sample AA. The innermost contours are
indicative of scattering elements elongated parallel to the
stretch axis. However, as the angle increases, the
scattering becomes dominated by elements which are
elongated perpendicular to the stretch axis. Plots of slices
of the intensity distributions in the two directions are
shown in Figure 8. The slice parallel to the axis shows
no evidence of any correlation effects, but a weak

POLYMER, 1991, Volume 32, Number 7 1163
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Figure 8 SAXS data from 300% stretched version of AA: (O, slice
perpendicular to the stretch direction; A, slice parallel to the stretch axis

interference peak along the perpendicular direction is
apparent.

If the scattering elements responsible for the peak are
assumed to be aligned crystalline regions, then a
consideration of the magnitude of the invariant requires
that the volume fraction of such regions be about 0.03.
By comparison with the results on samples AC and BC,
it would be expected that WAXS should show evidence
of crystalline peaks. However, the WAXS data proved
to be quite similar to that shown in the data of Figure
4, and this suggests that the SAXS result is due to aligned
amorphous fibrils. The Bragg law can be used to give an
estimate?® of the separation between the fibrils of 100 nm.
Scanning electron microscopy (SEM) work?” has indi-
cated the presence of highly entangled fibrils on the
surface of unstretched, doped polyaniline, and a scanning
tunnelling microscopy study?® also on unstretched,
doped samples found regions on the surface which
resembled partially aligned fibrils with separations of
100-200 nm. The SEM results®” for stretched poly-
acetylene gave evidence for aligned, closely packed fibrils
with a separation of 20 nm.

The general appearance of the contours of Figure 7a
(sample AAS) is similar to SAXS results obtained in
studies of crazing in polymers?®. The crazes are en-
visioned to be microcracks or separations which de-
veloped perpendicular to a stress axis. The volume of the
region of separation can be partially filled by fibrils with

some degree of alignment parallel to the stress direction.
However, the SAXS observations alone are insufficient
to establish that this type of correlation between fibrils
and voids was present in this sample. The volume fraction
of voids was found to have increased by a factor of 15-20
in comparison with the unstretched sample AA and
amounted to about 0.01. Most of this is due to voids
oriented perpendicular to the stretch direction. The
eccentricity of the contours outside the fibril region is
1.5-1.6, and a simple elongation of an existing void by
this factor would not account for the increase in the
volume fraction. Consequently, it would appear that the
processing has increased the number of voids.

Figure 7b shows the isointensity contours for the
stretched (250%) (sample ACS) corresponding to the
partially crystalline sample, AC. There is no indication
of fibril interference, and the scattering at lowest angles
is due to scattering elements oriented perpendicular to
the stretch axis. The maximum eccentricity of about
1.8-2.0 is similar to that for sample AAS, but, as can be
seen in Figure 7b this source of scattering predominates
over a much more limited range of angles. Because of
the relatively rapid change in the orientation of the
principle axis of the contours, it is difficult to rigorously
determine the size of the scattering elements. Application
of the Guinier approach to slices of the intensity
distributions parallel and perpendicular to the stretch
axis amounts to averaging over much of the central core
of Figure 7b and results in an estimate of the radii of
gyration of 25 and 22 nm, respectively.

Some of the azimuthally averaged SAXS data are
included in Figure 2. Comparison with data from the
corresponding unstretched, partially crystalline sample
(AC) indicates substantially less scattering in the region
which was attributed to crystallite scattering in AC. This
is confirmed by the WAXS data for the two samples
shown in Figure 3. The portion of the invariant computed
from the SAXS data below k=0.2nm™! is approxi-
mately two times larger than the equivalent region for
the unstretched sample and is felt to be due to voids.
This increase in the void scattering is substantially less
than that for the 300% stretched sample (AAS) but is
five to six times larger than that for sample BCS which
was stretched an equivalent amount (250%) at higher
temperature.

The emeraldine salt version of polyaniline which is
formed by doping the films in 1 M HCI is of interest
because of the electrical conductivity. If the only result
of a doping process is to cause changes at the atomic
and molecular level, and if this occurs uniformly on a
scale greater than about 5 nm, then the contours observed
in the SAXS measurements should remain the same while

Table 2

Sample Stretch ratio Void fraction 1, R, (nm), If Peak ratio”
ACS 2.5 1x1073 22 25 1.2

AAS 3.0 1x1072 - 33 1.2

BCS 2.5 2x1074 29 1.2

BAS 3.5 4x107* 40 1.8

ACS (doped) 2.5 5% 1074 28 1.1

BAS (doped) 3.5 9x10°% 35 28 2.0

“WAXS ratio of equatorial (axis vertical) to meridional (axis horizontal) peak heights
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(a)

Figure 9 SAXS data from doped and stretched samples. Stretch axis
was vertical, and instrument was in 5 m configuration: (a) corresponds
to 250% stretched and doped version of AC; (b) corresponds to 350%
stretched and doped version of BC. Outermost contours for both
samples correspond to the same intensity. The line segment corresponds
tok=0.1nm™!

the intensities and invariants should change as the ratio
of the square of the electron densities of the doped and
undoped materials. The density of a number of doped
samples which showed little if any indication of crystal-
linity by WAXS has been determined to be 1.34 +0.02
g cm ™3, and the corresponding ratio of the square of the
electron densities is 1.18 +0.07. In the case of the
unstretched material we have observed some differences
between doped and undoped samples (primarily at the
smallest observable angles) which exceed this ratio. As
a preliminary effort in ascertaining the structural effects
of doping, two of the stretched samples were doped with
Cl™. A comparison of Figures 6b and 9b shows that the
doped version of sample BA has developed scattering
elements with an elongation perpendicular to the stretch
axis. The R, values perpendicular and parallel to the axis
were found to be 35 and 28 nm, respectively, for the
central region of the contour plot. This compares with
a value of 40 nm found for the azimuthal average of the
less anisotropic undoped sample. This feature accounts
for most of the increase in the invariant which was found
to be between two and two-and-a-half times larger than
that for the undoped, stretched sample. At larger angles,
the contours for both the doped and undoped samples
indicate the presence of voids slightly elongated parallel
to the stretch axis.

The SAXS isointensity contours for the doped version
of the sample stretched 250% (ACS) with the low
temperature process are shown in Figure 9a. Comparison
with Figure 7b shows that the doping process tended to
reduce the extent of large scale orientation. In addition,
the invariant decreased to a value essentially the same
as that attributed to the void contribution in the
undoped, unstretched sample AC, and R, for the
azimuthally averaged intensity distribution was, within
experimental uncertainty, the same as that for AC. While
the doping seems to have had somewhat the opposite
effect on the two samples, it is clear that changes are
caused on a relatively large length scale. The WAXS
results also indicate changes occurred at the molecular
level. However, most of the change is similar to that
observed in unstretched samples!>~*7, the anisotropy as
measured by the peak height ratio is changed relatively
little. Further study of the doping effects is in progress.

CONCLUSIONS

The SAXS patterns from the emeraldine base films that
were stretched at lower temperature (technique A) can
be interpreted as arising from the presence of cracks or
voids oriented perpendicular to the stretch axis. The
quantity of voids increased with stretch ratio and was
accompanied by an indication of interfibril interference.
This implies the possibility of the onset of craze
formation, i.e. the development of cracks containing
fibrils. This is in qualitative accord with observations on
a number of other glassy polymers at similar stretch
ratios®®-2%. For films drawn at higher temperature, there
was little indication of anisotropy on the scale of
5-100 nm, and no significant increase in the scattering
due to the possible formation of bubbles, cracks or fibrils
was found.

Neither the SAXS or WAXS observations provide
evidence for an increase in crystallinity for stretch ratios
of 3.5 orless. Instead, a reduction in crystallinity occurred
using both techniques at a ratio of 2.5. Some degree of
molecular orientation was found in the WAXS observa-
tions in all cases.

Doping the stretched films with C1~ was found to affect
the polymer on length scales observable by both SAXS
and WAXS. However, the limited amount of data does
not permit more specific conclusions to be made.
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