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Introduction

Doped polyaniline cmeraldine salts (PANI-ES) exhibit good
environmental stability with a high level of conductivity (1 to 300 Slcm).
However, they suffer from the fact that they have poor mechanical properties
and must be blended with an insulating host polymer to be useful in industrial
applications. Polyaniline blends are a new type of conducting material that
typically show very low onsets of conductivity unlike that of metal filled
blends. This is primarily due to the unique cellular geometry of the PANI-ES

that is formed within the insulating host polymer." The formation of this
immiscible polymer network may be due in part to structural and
conformational differences in the blend components.

Electron microscopy (i.e. tunneling electron microscopy (T EM))' has been
extensively uged to characterize the geometric details of the fibrils that make
up the web-like network morphology in polyaniline blends. These qualitative
results define the blends as a two-phase polymer blends with semi-crystalline
PANI-ES rich fibrils intermingled in the host polymer.

Often the SANS technique is a mose powerful quantitative tool for
evaluating domain dimensions of polymer blends in the bulk state. It takes
advantage of the large difference in coberent scattering lengths between
deuterium and hydrogen atoms and therefore a large contrast can be
generated by dispersing a small concentration of fully deuterated polymer in
a polymer matrix or vice versa® In addition, the contrast deuteration
approach does not markedly influence the thermodynamic properties of the
polymer.® Since previous electron micrographs suggested that blends of
PANI-ES and insulating polymers form a dual phase in the host polymer, the
SANS technique was used to allow further insight into the phase scparated
geometry, Specifically in this study, the morphology of deuterated
polyaniline emeraldine salt fully doped with camphor sulfonic acid (i.e. d-
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PANI-HCSA) and polycaprolactam blends were investigated. The differences
in scattering length densities betwecn the labeled salt and matrix give rise to
the necessary contrast to allow characterization of domain sizes. A Debye-
Bueche treatment of the absolute differcntial scattering data was employed to
elucidate the multi-component nature of the blend. In addition, morphology
information extracted from SAXS scattering can be used to compliment
SANS data.

The present work is part of a larger study to understand what effect the
polyaniline sulfonate counter-anion has on the molecular structure and
morphological features of the dual phase blend.

Experimental

Procedure: Polymerized d-PANI-EB was formed as follows: Inan argon gas filled
glove box, approximately 5 mL of 4-5 aniline and 50 mL of deuterium oxide were added
to a three-neck flask (immersed in a 35 °C oil bath) and vigorously stirred for 10 minutes
with 2 mechanical stirrer, After 10 minntes of stirring, S0 mL of 2 2.65 M ferric chloride
in D,O was drop-wise added overa 50 minute period. Solution was stirred for 12 hours.
The precipitated polymer was subsequently washed twice with 1.0 M HC! and then with
1.0 M NH,OH. Finally, the wash was carried out with distilled water, mcthanol and
diethy] ether in the order mentioned. The resuldng dark, free flowing PANI-EB powder
was then dried at 70 °C for 12 hours to remove remaining moisture and solvent. X-ray
photoelectron spectroscopy, elemental analysis and FTIR confirmed the polyaniline in the
EB oxidation state (i.e. X = 0.5) and NMR (‘H and "’C) confirmed the PANI-EB was = 95
%deuterated.

Doped d-PAN]-HCSA solutions were prepared in HFIP by a solution doping method.

All filtered, fully doped PANI-HCSA salt and blend solutions were solution cast onto
a Teflon coated glase substrate and covered with a glass dish to allow for a slow
cvaporation at room temperaturc. All films were subscquently peeled off the Teflon
substratc and dried in a dynamic vacuum oven at 75 *C for approximatcly 24 hours.

From fluorine clemental analysis, percent residual HFIP solventin films was less than
0.5% (wt/wt). This cast process from HFIP produced robust, free standing and solvent
free PANI-HCSA and PANI-HCSA / polycaprolactam films.

SANS and SAXS data acquisition. SANS data were obtained on the 30 m
instrument® at the W.C. Koehler facility of Oak Ridge National Laboratory (ORNL)viaa
64 X 64 cm? area detector with element size & 1 cm®. The range of the momenmum
transfer or wave veetor, Q, was 0,040 - 4.0 nm™ where Q= (4r\)esin® with A =0.475
nm, the neneon wavelength, and 6, one half the scattering angle, Standard corrections
for detcctor efficiency, background, empty cell scattering and sample transmission were
applied. Free standing isotropic film samples of = 0.5 mm diameter were cut and stacked
to achicve a sample thickness of & 1 mm. The data were then converted to an absolute
scale by comparison with secondary standards® and reported as differential cross sections
per unit volume of sample, (d=/d€2), with units of cm’, This quantity expresses the
neutron scattering power of a sample. No corrections were made for incoherent scattering.
Typically, this is on the order of 1.

The SAXS measurements were conducted at both the 10m facility® and ORNL. The
incident radiation was copper K, (A = 0.154 nm) from a rotating anode source equipped
with a monochremator, and a Q range of 0.05 - 4.5 nm was used. For comparison with
wide angle X-ray scattering (WAXS) (at the same A) this corresponds to a 26 range of
0.07 - 6.3 °. Here also standard corrections were applicd and the data converted toan
absolute differential scattering cross sections.’

Results and Discussion
Scattering by salts. Reference to the SAXS data in Figure 1 shows an
intense scattering below Q = 1 am? for PANI-HCSA, 4-PANI-HCSA aod 2 50
9% (wt/wt) blend of the respective deuterated and hydrogenated salts. This
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upswing in scattering intensity implies the presence of another component in
the films such as small solvent voids. AtQ=2.5 nm", a large broad peak is
seen for all three salt samples but not in the PANI-EB sample which implies
that the scattering is due to the doped salt which has a periodicity of about 2.5
nm. For comparison with WAXS scattering, this peak comesponds to = 3.5’
on a 26 scale. Interestingly, the WAXS diffractogram of PANI-HCSA has
shown a sharp diffraction peak at = 4.5° (20 scale). Since this diffraction
peak corresponds to such a large periodicity (i.e. = 2.5 nm), we suggest that
the charged polyaniline chains pack back-to-back with the CSA sulfonate
counter-anions facing outward, as depicted in Figure 2. This type of behavior
has been proposed before by Jarvinen ef. al” and Kim et. al* Both these
groups teport & very sharp Bragg peak at approximately = 3° for polyaniline
salt fully doped with dodecy! benzene sulfonic acid (HDBSA). Furthermore,
a very similar type of WAXS diffractogram was seen by Kricheldorf et. al’
using CysHs, alkyl substituted terephthalic acid rigid rod polyesters. These
reports attributed the strong, single Bragg diffraction peak at ~3° (which
corresponds to a d-spacing of = 3.1 nm) to back-to-back chain packing of
rigid chains with respective sulfonate counter-anions / substituent groups
radiating outward.

Scattering by d-PANI-HCSA | polycaprolactam blends. Figure 3 shows
SAXS from d-PANI-HCSA / polycaprolactam blends. At the lowest valucs of
Q (i.e. < 0.5 nm™) intense scattering again indicates the presence of some
additional component (i.c. perhaps small voids) in 100 % polycaprolactam,
salts and respective blends. Figure 3-d shows that the nylon 6 matnx has a
shoulder that corresponds to a spacing of about & nm and implies that the
material is semicrystalline when cast from HFIP solvent. The same feature is
found in the curves for the 5 % d-PANI-HCSA / polycaprolactam but is not
apparent in the 25 % and 46 % blends (i.e. Figures 3-a, b and ¢ respectively).
This suggests that the d-PANI-HICSA salt is interacting with the
polycaprolactam on a molecular scale and suppressing lamellar development
at the high salt concentration. Furthermore, the structure that causes the peak
at Q ~ 2.5 nm’ remaing in the blends.

The SANS cross section for the two deuterated blends, salts and
polycaprolactam host polymer is seen in Figure 4. As expected, the scattering
is flat (i.e. Figure 4-c) for the non-deuterated polycaprolactam sample and is
consistent with the fact that there is little scattering contrast in this host
polymer. At lowest Q-values, the scattering from the 5 % d-PANI-HCSA/
polycaprolactam (Figure 4-a) is nearly an order of magnitude greater than
that for the host polymer (Figure 4-c). If the blend componcats were
uniformly dispersed, the difference in scattering would be much less.
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Consequently, most of the neutron scattering from the 5 % deuterated blend
must come from a phase separated morphology.

It is surprising that in Figures 4-a and b the 25 % blend with S times more
deuterated material does not scatter more than the 5 % blend. This result may
indicate a change in blend morphology. As indicated in Fignre 3, the SAXS
lamellar peak at Q = 0.8 am™ gradually dissipates as more d-PANI-HCSA is
incorporated into the blend, indicating that the polycaprolactam lamellae are
no longer present. This indicates that the blend components might be more
intermixed, explaining the lower SANS intensity seen in Figure 4-b.

A widely used formalism for analyzing small angle scattering data to
characterize the inhomogeneties (i.e. domain sizes) present in a random two-
phase material is the Debye-Bueche model™ which is based on a single
exponential correlation function. Figure 5 shows the fit of this mode] to the 5
% deutcrated blend at a low Q range (i.e. 0.5 to 1.5 nm™) by plotting
(dZ/dQ))™ vs. Q. Over this limited Q range, the correlation length, a,
evaluated from the ratio of the slope to the intercept of this plot indicates that
the size of the PANI-HCSA domain in the blend is roughly 15.3 nm.
However, only a small Q range could be fitted to the Debyc-Bueche model.
The nonlinear behavior over the large Q range of Figure 5 suggests that the d-
PANI-HCSA / polycaprolactam blend cannot be treated as a simple random
dual phase system.

Acknowledgement
This research was in part supported by the Division of Materials Sciences,
Office of Basic Energy Sciences, Department of Energy, under contract DE-
ACO5-960R22464 with Lockheed Martin Energy Research Corporation.

References and Notes

(1) (a) Reghn, M.; Yoon, C.O.; Yang, C.Y.; Moses, D.; Smith, P.;
Heeger, A.J. Physic. Rev. B, 1994, 50, No. 19, 13931. () Ref. 2-a
within,

() Wignall, G.D., Physcial Prop. of Polymers, ACS Books, 1993, 313.

@) Koehler, W.C. Physica(Amsterdam) 1986, 1378, 320.

@) Wignall, G.D.; Bates, F.S. J. Appl. Crystallogr. 1986, 20, 28.

(5) Wignall, G.D.; Lin, J.S.; Spooner, 8. J. Appl. Crystallogr. 1990,
23, 241,

)  Russell, T.P.; Lin, .S.; Spooner, §.; Wignall, G.D. J. Appl.
Crystallogr. 1988, 21, 629.

(7)  Jarvinen, H.; Kama, T.; Laakso, J.; Levon, K. EuropeanPatent
# EP 0-668-594-A2, 1995.

®) Kim, M. S.; Levon, K. American Chemical Society Polymer
Preprints, 1996, 37, No. 1, , 111-112.

(9 Kiricheldor, HR.; Wutz, C.: Probst, N.; Domschke, A, Gurau, M.
ACS Symp. Series 548, Washinton 1994, 311-332.

(10) (a) Debye, P.; Bueche, AM. J. Appl. Phys. 19489, 20, 518. )

4




Var vearl Vv gl & bfds WaVY WAV W o W A e aaema e

Debye, P.; Anderson, H. R.; Brumberger, H.J. Appl. Phys. 1988,
28, 579.




Figare 1. d5(Q)/dR2 va. Q for (2) PANI-HCSA. (b) d-PANI-
HCSA. (c) blend of 50 % PANI-HCSA / 50 % d-PANI-HCSA and
(d) PAN1-EB

Back-to-back stacking of charged chains

2.5 nm pericdicity from SAXS data
Figure 2. Proposed stacking of PANI-HCSA chains from SAXS

Figure 3. d2(Q)/dQ va Qfor: (3) 5 %. (b) 25 %, () 46 B (wtinwt)
d - PANI-HCSA / polycaprolactam. (d) ia 100 % polycaprolactam
and (¢) i2 100 % d - PANI-HCSA.
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Pigure 4. d5(Q)/dR va Q for: (a) 5 % and (b) 25 % (Wi'w) d-
PANI-HCSA / polycaprolactam. (c)ia 100 % polycaprolactam and
(d) is 100 % d - PANI-HCSA.
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Figure 5. Dcbye-Bueche plot of scattering data for 5 % (wuwt) d -
PANI-HCSA / polyceprolactam blend.
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