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SUMMARY

The following is a summary of research performed under the above contract.

The objectives of this research were: (I) to develop methods for the solid-state

characterization of electrodeposited conducting polymers, and then (2) to determine the

relationships between the overall polymer synthesis conditions and the observed polymer

morphology with respect to the various physical properties such as dc conductivity,

density and thermal stability. The determination of the morphology or microstructure of

these materials and the factors that influence their microstructures may help to explain

their complicated nature. Further, such information is important to the production of

semiconducting polymeric materials for device applications, especially those having

anisotropic electrical and optical properties. The techniques used for the solid-state

characterization of these solids were x-ray diffraction and transmission electron

microscopy.

The technique of x-ray diffraction has been identified as a method of

characterizing the relative degree of order that exists in the many derivatives of the

conducting polymer, polypyrrole. On the basis of an extensive study on the morphology

of polypyrrole as influenced by the incorporated dopant ion and synthesis conditions, we

can conclude that the structure of the dopant anion exerts a pronounced effect on the

microstructure of this polymer. These effects are manifested in the physical properties

of the polymer, e.g., bulk conductivity, surface morphology, tensile strengths and

chemical/thermal stability. The x-ray diffraction results indicate that the pyrrole

polymers containing aromatic sulfonate monoanions appear to exhibit the highest degree

of order, while those polymers containing the smaller anions or dianions appear largely

amorphous.

Transmission Electron Microscopy (TEM) was investigated as an alternate

means of determining the degree of crystallinity present in polypyrrole derivatives and to

provide a means of measuring the crystal lattice parameters of these derivatives.

Several methods of TEM sample preparation were investigated. The best TEM samples

were prepared by using a gold TEM grid as the anode in the polymer electro-depositions.

The most crystalline polypyrrole derivatives as judged by TEM, contain either the

viii
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dodecylsulfate or trichlorobenzenesulfonate anions. The low degree of order present in most of the polypyrrole

derivatives prevents the accurate determination of polymer lattice parameters.

We present a new technique which we have developed jointly with Rockwell IR&D, for the determination of the

relative degree of order in thin films of electrodeposited polypyrrole. This method is based upon the voltammetric

response curves of the as deposited polypyrrole thin films. The degree of polymer order, as determined by diffrac-

tion techniques, correlates with the peak width of the first cathodic scan of the polypyrrole thin films. This method

appears to be a simple and reliable technique for rapid screening of structural order in polypyrrole-dopant

systems.

Polypyrrole, prepared chemically by the ferric ion oxidation of the pyrrole monomer, was characterized by

TEM and SEM techniques. These materials are also of low crystallographic order, however, an interesting

polymer growth morphology is observed for these polymers. High magnification TEM microscopy reveals that the

chemically prepared polymers consist of individual hexagonal or octagonal particles about 1 OOOA in diameter.

These particles probably arise from polymerization of the monomer on the surface of the individual crystallites of

the ferric salt.

Other electrodeposited conducting polymers were also examined by TEM and x-ray diffraction. Elec-

trodeposited poly-3-methylthiophine triflate is observed to be more ordered than the corresponding hexa-

fluorophosphate derivative. This polymer system, unlike the polypyrroles, cannot be prepared electrochernically

with many of the larger dopant anions. This may relate to the higher degree of order and consequently less flexible

structure of the polythiophene derivatives.

ix
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INTRODUCTION

This report is organized into several sections. Each section is a self-contained

entity including experimental, results and discussion section. The polymer morphology

and physical properties of the following conducting polymer systems were investigated:

(1) Electrodeposited polypyrrole

(2) Chemically deposited polypyrrole

(3) Electrodeposited poly-3-methylthiophene.

4,
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1.0 POLYPYRROLE

The considerable interest in the electrically conducting polymer polypyrrole,

stems from its high conductivity, ease of preparation and environmental stability of its

doped forms. 1 Polypyrrole, which can be synthesized by either chemical or electro-

chemical techniques, is formed by the simultaneous oxidation and polymerization of

pyrrole monomer. The structure of the polymer formed by such methods is thought to

contain a cationic backbone of pyrrole monomer units linked in a regular fashion through

the alpha carbon atoms. The positive charge of the polymer is compensated by the

inclusion of dopant anions. Thus, the as-synthesized polypyrrole is a molecular composite

(see Fig. 1) of a cationic polymer backbone and the corresponding number of dopant

anions required to maintain charge neutrality.

" ",t- l Hisc'o2,I

I I
A-H A-

Fig. I Proposed structure for oxidized polypyrrole.

The mode of electrical conduction in polypyrrole is still an issue. The most

widely accepted view of electron transport in conducting polymers involves the idea of

electron hopping from one closely associated polymer chain to another. 2 This notion

suggests that the arrangement of the individual polymer chains within the polymer struc-

ture should play a significant role in the determination of the electrical properties of

polypyrrole. For example, the electrical properties of a fully ordered polymer, as

depicted in Fig. 2, should be different than those of a randomly oriented polymer. As

seen from Fig. 2, the packing of the polymer chains in the solid is influenced not only by

2
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the geometric characteristics of the monomer units but also by the dopant anion size and

shape. It follows that the ability of the polymer to adopt an ordered structure depends

upon the compatibility of the dopant anion with the lattice of the ordered polymer.

SC40244

Fig. 2 Model structure for an ordered and random polymer.

While much data is now available on the electrical properties of polypyrrole,

relatively little is known about the polymer structure or how the polymer structure is

influenced by the incorporated dopant anion and/or polymer synthesis conditions. Wegner

has examined films of polypyrrole tensides by x-ray diffraction and speculated that the

polymer chains form a kind of double-layered structure as shown in Fig. 3.3 Mitchell has

suggested that the chains of polypyrrole tosylate adopt a planar conformation and that

the counterions lie in the plane of the polymer. It was further stated that the processing

conditions affect the nature of the molecular anisotropy in the electrochemically pre-

pared polypyrrole.4 The purpose of this section of the program was to develop methods

for the study of the solid state structure of polypyrrole and to use these techniques,

namely, x-ray diffraction and transmission electron microscopy, to evaluate the

morphologies and relative order of a series of free-standing polypyrrole films deposited

under a variety of experimental conditions. In the course of these studies observations

made on the cyclic voltammetric characteristics of thin films of electrodeposited poly-

pyrrole have provided an additional means for evaluating the order in polypyrrole.

Presented below are the results of these studies.

3
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$C40245

d1,/I

Fig. 3 Proposed model for the short-range order in the polypyrrole (PPY)-tenside
salts, seen along the polypyrrole chains axis. The simple black lines represent
the PPY chains; the zig-zag lines symbolize the alkyl chains of the tensides
and the black circles stand for the ionic -503 or -0S03 groups; for d(n).

1.1 Experimental

Pyrrole monomer (Aldrich) was distilled under nitrogen and stored in a closed

container in a refrigerator. All solvents were high purity reagents that were com-

mercially obtained. Electrodepositions were performed using a PAR model 173

Potentiostat/Galvanostat equipped with a PAR model 179 coulombmeter. Standard depo-

sition conditions for producing films of polypyrrole are presented in Table 2. The thick,

ai free-standing polypyrrole films were deposited from a two or three electrode cell. The

working electrode was either a 28 cm2 gold-plated copper sheet (masked on the edges

and back), a rectangular sheet of conducting ITO glass, or a square of pyrolytic

4
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1.10

SC37474
1 0 I I 1 1 I I I

POLYPYRROLE" 2-NAPHTHYLSULFONATE
~8

6-

4

2

0 I
0 5 10 15 20 25 30 35 40

SCATTERING ANGLE (28)

Fig. 4 Polypyrrole 2-napthalene sulfonate (NpSO 3); 0.1M pyrrole; pH = 1.7; Au
electrode; a = 49 o-1-cm-1.

graphite. The counter electrode was either a sheet of pyrolytic graphite, a sheet of gold-

plated nickel, or a cylindrical platinum mesh electrode. The reference electrode, if used,

was either SCE for aqueous depositions or a platinum wire for deposition from acetoni-

trile. Films were deposited at current densities between 1.8 to 3.6 ma/cm 2 at constant

current. The films were deposited until charge equivalent to 20-25 coulombs/cm2 was

passed. Deposition solutions were approximately 0.IM both in pyrrole and supporting

electrolyte. No precautions were taken to exclude oxygen from the cells. The films

were removed from the electrodes and rinsed thoroughly with water or acetonitrile

depending upon which solvent was used. The films were dried at ambient temperature

and stored in a refrigerator. Electrolytes were obtained commercially (Aldrich or Alfa)

or when necessary synthesized using the procedures described below. DC conductivities

were determined with a four-point probe apparatus (Alessi Industries).

1.2 Polypyrrole Film Synthesis

Smooth, black, free-standing films of polypyrrole were prepared by anodic

oxidation of pyrrole monomer in a single compartment electrochemical cell, using two or

dbS
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three electrodes. The polymer films were typically deposited at a constant current from

either aqueous or acetonitrile solutions of the monomer and electrolyte. Presented in

Table I, are the relevant deposition conditions used in the preparation of the polymer

films along with the dopant ion structures and conductivities for the respective polymer

films. As can be seen from this table, a large variety of dopant ions have been success-

fully incorporated into polypyrrole. The structural diversity of the dopants ranges from

small compact ions, such as chloride or triflate, to long aliphatic ions, such as

dodecylsulfate or dodecylbenzenesulfonate. As will be seen, the dopant ion structure

plays a decisive role in the determination of the relative order in polypyrrole.

1.2.1 Preparation of Naphthalenedisulfonyl Chlorides (2,6 and 2,7 Isomers)

Fifteen ml of thionyl chloride were added to an ice-cooled suspension of 25.0 g

(0.075 mol) of the appropriate naphthalenedisulfonic acid disodium salt in 80 ml

dimethylformamide. This mixture was stirred and allowed to warm to room temperature

overnight. The reaction was quenched by adding 500 ml of crushed ice to the mixture.

The precipitated solid was collected by filtration, rinsed twice with water, and dried in a

vacuum oven overnight. The 2,7 isomer was purified by two recrystallizations from

dichloromethane-cyclohexane producing 13.7 g (56%) of pure product (mp 155-156°C).

The 2,6 isomer was purified by recrystallization from toluene producing 15.9 g (65%) of

pure product (mp 223-225*C).

1.2.2 Hydrolysis of Aromatic Sulfon l Chlorides

The conversion of aromatic sulfonyl chlorides to the corresponding sulfonic

acids is accomplished by suspending the sulfonyl chloride in deionized water. The

reaction mixtures are stirred and maintained at 65-750C until a homogeneous solution is

obtained. This generally requires 12 to 48 h. The free acids can be isolated by

evaporation of the water and dessication of the residue. In most cases, the free acid can

then be directly converted to crystalline tetraalkylammonium salts by the following
. procedure.

6
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Table I
Deposition Conditions for Thick, Freestanding

Polypyrrole Films for X-ray Evaluation

1C40229
DOPANT ANIOP,

GLECTMOLYT91 STRUCTURE SOLVENT A11100 CURRENT COULOMBS CONDC?1VITV

us"042 0. so A 100 Ifa

I$" -c- & C, 120 A.. 100 A low0 16

IS%* .,C a'Sf140 Au 100 MSA 10N 121

S0C-'6C- as"ai0oAC' ITO 24 OA 232 91

AC% PG 17 m"A 271 71IN- 40 A 0 In~A 1000 oC

%&DDS 0420 A.. 80 uA low0 I

0096" 042(J.c ~ W0 A. 121 USA 2340 29

1.5%06%6.2 0080~ A. 126 1262 as

2.I405N.o2 "2I0X~" ~ Am. 100mA 1071 74

27NDS'S.2 0,S'2,' A, 10oA ol 9

MCA. *IC A% IC 46mA 1061 12

SCBSI,, EI2%W ACS ITO 245 uA 57? 17

C C

PCS C-b1 25%14aO ACS ITO 24 MA 247 4C.
C C

JmIDSM2 -3 (2s4 1420 PG 17 3 @A 200 32

86901HZ 7 hH0'ACd ITO 2SusA 273 is

1020 Am. 100 mA no 7.9

PSI'S '20 A.. ING IRA 2123 0.4

SPIN - USIANISULP1UC ACID 114oe- SINISmLPOoC ACID. 76S*7TIA0CSULONC AM.n
TV" - SODIUM lOSLlATI No" - 2-10APPITWLSULPONdIC ACID. NaeS - SODIUM DOOICYLBULPAII
DOW1. - OOOCnLUSINGSULPOWAT 2.INOISm - $OWNu 2.0-NAPKmIAIuMULONATI. 2.2-1110SW
*SODIUM 2.74VAS"wLSDLONtAT1 PCI' ot -- COILDOOIENINIGULPONIC ACID, 70054- 2.4.9-

TRCHIONOIN2ISULPONIC ACID PC""'S.PIWACLNWUNINIULONIC ACID
M90814 - WTh "ONIE.ISULPONVIC ACID. "PII -6.4 -SIPWS44flLOULPPICe ACID.

1046 SWUMI lj-TANIULPDOA I. PS" POLYSIVAIN&SIUOff ACID
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1.2.3 Preparation of Tetraalkylammonium Salts of Aromatic Sulfonates

To a solution of the appropriate sulfonic acid in water, we added a solution

containing one equivalent of the tetraalkylammonium hydroxide in the case of a mono-

sulfonate and two equivalents in the case of a disulfonate. Towards the end of the

addition, the pH of the solution was monitored with pH paper. The hydroxide solution

was added until the reaction mixture reached a pH of 7. The solvent was evaporated on a

roto-vap and the residue dried in vacuo. The salts were typically recrystallized from

acetone-hexane or methylene chloride-tetrahydofuran solvent mixtures.

1.3 Diffraction Measurements

Most x-ray diffraction measurements were made using a Diano 53XRD-8530

semiautomatic x-ray diffractomter. X-ray diffraction traces obtained on this instrument

were digitized using a Hewlett-Packard digitizing tablet. Other measurements were per-

formed at the NADC x-ray facility in Warminster, PA. Transmission Electron Micros-

copy was performed on a Phillips 75EM-400 electron microscope equipped with a high tilt

goniometer specimen stage and heating and cooling specimen stages. Polypyrrole

samples for TEM evaluation were electro-deposited onto gold grids (500 mesh) in a three

electrode cell. A 0.75 cm 2 platinum sheet was used for the counter electrode, while a

silver/silver nitrate/tetraethylammonium tetra fluoroborate/acetonitrile electrode was

used for the reference. The area of the gold grid was calculated to be about 0.3 cm2.
The grid, gripped by a gold-plated clip, was partially immersed into the electrolyte

solution. A constant anodic current of about I mA/cm2 was applied to the grid.

Deposition was interrupted at different times and the deposit evaluated under a

microscope for the presence of polymer nodules in the grid holes. Deposition was

terminated when the presence of nodules or needles was detected and thought to provide

samples of sufficient quality for TEM evaluation.

-i/
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Table 2
Deposition Parameters for the Preparation of

Polypyrrole Samples for TEM Evaluation

Electrolyte* Solvent Current Coulombs

HTMBS ACN 200 uA 5$ mC
HTCBS ACN ne record of deposition

H2mBDS ACN 280 uA 35 mC
HPCBS 6%H20/ACN 280 uA 45 mC

TEAT ACN 280 uA 47 mC
HMCBS ACN 280 uA 40 mC
NaDDS H20 280 uA 23 mC

H2BPDS 7%H20/ACN 250 uA 500 mC

*HTMBS = 1,3,5-trimethylbenzenesulfonic acid; HTCBS
trichlorobenzenesulfonic acid; H2mBDS = meta-benzene-disulfonic
acid; HPCBS = pentachlorobenzenesulfonic acid; TEAT = tetra-
thylammonium tosylate; HMCBS = para-chlorobenzenesulfonic
acid; NaDDS = sodium dodecylsulfate; H2BPDS = 4,4'-biphenyl-
isulfonic acid; ACN = aceionitrile.

1.4 Results and Discussion

1.4.1 X-Ray Diffraction

X-ray scattering measurements were made using Cu K. radiation together
with a diffractometer operating in the scan mode. In general, the polypyrrole films give
rise to x-ray diffraction patterns that exhibit a broad distribution of scattered intensity

around 2 0 = 20 deg. The shape and intensity of this scattering is observed to be highly
dopant ion dependent. For example, the diffraction pattern obtained from a film of
polypyrrole 2-naphthylsulfonate (Fig. 4) appears to consist of two overlapping peaks
between 10 < 2 0 < 30 deg, the lower angle peak broader than the higher angle peak. In
contrast, the polypyrrole film containing the trichlorobenzenesulfonate (Fig. 5) anion
gives rise to single broad diffraction peak between 20 < 2 e < 30 deg. Displayed in

9
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10.000 
A,0267?

POLYPYRROLE TRICHLOROBENZENESULFONATE

5000-

O2 10 20 30 40

SCATTERING ANGLE

Fig. 5 Polypyrrole trichlorobenzenesulfonate (TCBSH); C"M pyrrole; 2% H 20/ACN;
ITO electrode; o : 87 QI-cm- .

Figs. 4-16, are the x-ray diffraction curves for the polypyrrole films that were

prepared. Collected in Table 3, are diffraction maxima for all of the films that were

analyzed as well as the corresponding d-spacings and an indication of peak multiplicity.

An unusual feature of some of the diffraction patterns was the observation of

a low angle peak between 3 < 2 e < 7 deg. This feature is clearly illustrated in the x-ray

scattering curve obtained from a film of polypyrrole dodecylbenzenesulfonate deposited

from aqueous solution (Fig. 6). This film exhibits a broad low angle peak at

2 0 z3.46 deg. Polypyrrole films doped with dodecylsulfate (Fig. 7) and tosylate (Figs. S

and 9) exhibit qualitatively similar x-ray diffraction patterns.

10
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Table 3

X-Ray Diffraction Data for Electrodeposited Polypyrrole Films

Peak Maxima d-Spacing

Dopant-lon (o) (A)

Dodecylbenzenesulfonate 3.9 22.65
22.5

Polystyrenesulfonate 21.0 4.23

Dodecylsulfate 4.0 22.08
20.5

2-Naphthylsulfonate 20.0 4.44
26.5

2,6-Naphthalenedisulfonate 26.25 3.39

Methanesulfonate 7.0 12.62
17.0 5.21
20.5 4.33
24.0 3.71

Tosylate (water) 5.1 17.33
20.5 4.33

Tosylate (ACN) 21.25 4.18

1,5-Naphthalenedisulfonate 17.1 5.21
26.0 3.42

Chloride 26.1 3.41

Trichlorobenzenesulfonate 26.0 3.42

Monochlorobenzenesulfonate 26.1 3.41

On the basis of the observed x-ray diffraction patterns it is apparent that

there are two mutually dependent types of solid state order present in the doped

polypyrrole films. The first type is associated with the degree of order of the polymer

backbone. The degree of this order is reflected by the peak width and peak height of the

higher angle ( 15 < 2 o < 30 deg) diffraction peak. The second type of ordering present in

the polypyrrole films is associated with the incorporated dopant ions. The extent of this

order is manifested by the peak width and height of the lower angle diffraction peaks

(3 < 2 e < 7 deg).
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Fig. 6 Polypyrrole dodecylbenzene sulfonate, 0.IM dodecylbenzene sulfonic acid;
0.IM pyrrole; pH = 2.1; Au electrode, a = 30 fl-cm'].
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SCATTERING ANGLE (28)

Fig. 7 Polypyrrole dodecylsulfate (DDS); 0.IM Na DDS; 0.1M pyrrole; pH = 7.6; Au
electrode, o 4 aI'-cm-'.
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Fig. 8 Polypyrrole tosylate (TOS); 0.2M HTOS; 0.IM pyrrole; pH 1.8; Au electrode,
o= 65 r-1-cm-1.
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Fig. 9 Polypyrrole tosy late; 0.2M HTOS (AC N); 0. 15M pyrrole; PG, a = 2 a- -cm-.

13



NADC87092-60

20.000 1 SC06

POLYPYRROLE 1.2 ETHANEDISULFONATE

10.000-

1,2 ETHANEDISULFONATE

SCATTERING ANGLE

Fig. 10 Polypyrrole 1,2 Ethane Disulfonate (EDSNa 2); O.IM pyrrole; Au electrode
a =7.9 v- I-cm
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Fig. 11 Polypyrrole Monochlorobenzenesulfonate (MCBSH), 0.M MCBSH; 0.1M
pyrrole; ITO electrode; a = 120 a- I cm-.
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Fig. 12 Polypyrrole chloride, G.3M HCl (water); O.hiM pyrrole; Au electrode,
o 9.2 r-l-cmI1.
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Fig. 13 Polypyrrole methane sulfonate (MES); 0.IM HMES; 0.IM pyrrole; Au electrode,
a2~ n-cm1.

15



NADC-87092-60

10
POLYPYRROLE POLYSTYRENESULFONATE

8

2

0

0 5 10 15 20 25 30 35 40

SCATTERING ANGLE (26)

Fig. 14 Polyp*vprroe pok's~yrene sulfonate (PSSA); O.IM PSSA; O.IM pyrrole; pH -1.9;

Au e.-ectrode, c Sr 1 -crn. 1.
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Fig. 15 Polypyrrole 1.5-NDS; O.IM 1,5-NaNDS; O.IM pyrrole; PG electrode,
o =14 2('-cm-1 .
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Fig. 16 Polypyrrole 2,6-napthalene sulfonate (NDS); 0.1M Na 2,6NDS; 0.IM pyrrole;
pH = 6.6; Au electrode, o = 75 f-1-cm-'.

The x-ray results obtained on the polypyrrole films are consistent with previ-

ous diffraction results presented by %legner3 on a series of polypyrrole "tensides."

Wegner related the low angle peak in the x-ray diffraction pattern of these materials to

the length of the alkyl chain of the dopant ion and postulated that the absence of higher

order in these materials implies that the underlying structure of the polymer is very

distorted, probably liquid like. The results obtained in the present work seem to confirm

these statements. Evidently, the lack of long range order in this material causes the

polymer to grow in an unoriented random fashion and probably indicates numerous

chemical defects such as chain cross-links.

It has been stated that an organic polymer cannot be completely crystalline.2

A crystalline polymer is always a semicrystalline substance comprising crystalline, para-

crystalline and amorphous regions. Polypyrrole appears to consist of paracrystalline and

amorphous regions. While detailed information on the crystal structure of polypyrrole is

not available, the broad x-ray patterns can provide some information regarding the

17



NADC-87092-60

d-spacings in the polymer lattice. Such information can be related to the structure of

polypyrrole by considering hypothetical models for the structure of this polymer. A

relevant model can be generated using bond length and bond angle data obtained from

electron diffraction data5 on the pyrrole monomer. The single bond lengths were found

to be 1.441, while the double bond lengths were found to be 1.35L The interior angles of

the monomer were found to be between 105* and 1100. Using these data, one can

calculate relevant interatomic distances for a hypothetical planar pyrrole polymer.

Shown in Fig. 17 is a segment o! such a polymer, along with some calculated distances.

As can be seen, the interatomic distance for alpha carbon atoms on adjacent monomer

units is approximately 3.711. This spacing corresponds to a Cu K. diffraction angle, 2 o,

of approximatel) 24. While many of the pyrrole polymers exhibit diffraction at this

angle, the width of the diffraction peaks suggests that this spacing is not the exclusive

contributor to the diffraction pattern.

SC37611

H H

1.44

3.71

Fig. 17 Hypothetical polypyrrole segment.

Previous studies6 on the crystal structure of cis-polyacetylene have shown that

this polymer exists in an orthorhombic space group. The distance between chains along

the b-axis was found to be 4.47A. While polypyrrole does not exhibit the degree of crys-

18
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tallinity found in cis (CH x ) and may not exist in the same space group, the distance

between polymer chains in polypyrrole and cis (CHx ) are probably similar. A distance of

4.47A corresponds to a 2 e value of 19.80. As can be seen from Figs. 4-16, most of the

polymers exhibit x-ray scattering around this angle. The x-ray patterns observed for the

polypyrrole samples may be rationalized, then, on the basis of the superposition of two or

three diffraction maxima corresponding to the multiple phases in the lattice. The broad

nature of the x-ray scattering can be explained on the basis of the known disorder of the

pyrrole polymers and the thermal vibrational broadening of the atoms in the polymer.

The data in Table 3 indicate that the dopant anions exert a significant influ-

ence on the microstructure of the electrodeposited polypyrrole. On the basis of the

x-ray diffraction patterns produced by the polypyrrole films, it is possible to rank these

polymers in terms of their relative degree of order. Thus, the film that contains the

1,2 ethanedisulfonate dianion gives rise to the lowest intensity x-ray scattering (Fig. 10)

and appears to exhibit the lowest order. In contrast, the x-ray scattering curves obtained

on the pyrrole polymers doped with tosylate, dodecylbenzenesulfonate, dodecylsulfate

and the trichlorobenzenesulfonate anion, indicate that these polymers appear to exhibit

the highest order.

While the x-ray scattering curves obtained on the polypyrrole films indicate

that these materials are of low crystallographic order, a recent report describes a

method for analyzing the domain size in amorphous polymers. Heeger and coworkers 7

analyzed the x-ray diffraction curves obtained on a closely related polymer, namely

polyisothianaphthene (PITN), by use of the Scherrer equation (Eq. 1).

t= 0.9A (1)
B cos 8

They concluded, on the basis of the x-ray scattering curve, that the PITN material

consists of crystallites approximately 20X in size. While it is realized that the Scheerer

equation was derived for use in crystalline solids,8 application of this relation to a series

of closely related amorphous solids nevertheless yields qualitatively meaningful results.

An analysis of our diffraction curves by use of the Scherrer relation has been carried

out. The results, presented in Table 4, suggest that the polymers with the largest domain
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Table 4

X-Ray Diffraction Data Used for Coherence Length Calculations

Peak Maxima Coherence

Dopant-lon (0) PWHH Length

Monochlorobenzenesulfonate 26.1 7.7 21.83

Trichlorobenzenesul fonate 26.0 5.5 30.14

Dodecylsulfate 20.5 7.3 22.84

Dodecylbenzenesulfonate 22.5 10.8 15.32

Chloride 26.0 7.2 23.39

Polystyrenesulfonate 21.0 15 10.93

Tosylate 21.25 12.6 13.06

sizes contain the larger aromatic sulfonate monoanions or long aliphatic chain sulfates.

Of particular note is the relatively large coherence length, 30.941, found in the

trichlorobenzenesulfonate-doped polymer. This polymer appears to exhibit the greatest

degree of order of all the doped pyrrole polymers prepared in this program.

The effect of the dopant ion upon the order or crystallinity of the polypyrrole

films is quite significant. On the other hand, the deposition solvent also appears to exert

a smaller but noticeable effect upon the morphology of the polypyrrole films. In general,

polypyrrole films deposited from aqueous solutions are of lower quality and give rise to

broader diffraction patterns than the corresponding films deposited from acetonitrile. In

some instances, the general shape and peak multiplicity of the x-ray scattering curves

are different. This effect is seen upon examination of the x-ray scattering curves

obtained on films of polypyrrole tosylate deposited from water and acetonitrile. As can

be seen from Figs. 8 and 9, both polymer films give rise to broad x-ray scattering

patterns, however, the higher angle scattering pattern shown in Fig. S (aqueous deposi-

tion) clearly appears to be the superposition of two diffraction peaks while the corres-

ponding scattering pattern shown in Fig. 9 (acetonitrile deposition) only appears as a

single peak. The peak multiplicity obviously implies different crystallographic

orientations of the polymer chains or multiple phases but at this point it is not possible to

assign these phases.
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To a first approximation, the degree of order present in the polypyrrole-dopant

complexes also influences the conductivity of the polymers as well as their other physica!

properties such as film quality or tensile strength. As seen from Table 1, the most highly

conducting polymers were the tosylate, monochlorobenzenesulfonate and trichloroben-

zenesulfonate-doped materials. These polymers also exhibit the greatest degree of order

as judged by the x-ray scattering curves. On the other hand, the nearly equally ordered

chloride and dodecylsulfate-doped polymers exhibit an order of magnitude lower conduc-

tivity levels. This may be attributable to the fact that the latter set of polymers were

deposited from water while the former set were deposited from acetonitrile. The film

quality also appeared to correlate well with the degree of polymer order and conductivity

levels. The toughest and most flexible films were the tosylate, monochlorobenzene-

sulfonate and trichlorobenzenesulfonate polymers deposited from acetonitrile while the

most brittle and least conductive films appeared almost amorphous by x-ray.

The foregoing discussion strongly suggests that the physical properties of the

electrodeposited polypyrrole films shob a positive correlation with their degree of order.

However, additional supporting evidence for polymer anisotropy obtained from other

techniques would be of significance. A new voltammetric technique first developed

under Rockwell IR&D appears to indicate the degree of order in thin polypyrrole films.

A positive correlation of these voltammetric results with the x-ray scattering curves

would be sufficient proof. In this method, the magnitude and sharpness of the first

voltammetric reduction peak of a deposited film is recorded in a solvent containing only

supporting electrolyte. Following from the concept that equivalent redox sites of the

film would reduce at the same potential, a sharper reduction peak would denote a smaller

distribution of redox sites, and hence greater order. The first cathodic process involves

dopant anion expulsion from the film and subsequent voltage cycles do not reproduce the

initial voltammetric peaks. Figure 18 displays representative current-voltage curves for

an as-deposited polypyrrole thin film. The voltammetric response features of the first

cathodic scan of as-deposited (from water) thin films are presented in Table 5. Note that

the same amount of charge was used to deposit all of these films. Terms characterizing

the "sharpness" of these peaks are defined in Fig. 18. The data show that the most

intense and narrow reduction peaks and hence the highest degrees of order are associated
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Fig. 18 First reduction cycle of as-deposited polypyrrole tosylate thin films, evaluated
in deoxygenated 0.iM aqueous sodium tosylate (dotted curve) and in 0.IM
tetraethylammonium tetra fluoroborate in acetonitrile (solid curve), scan rate
50 mV/s, film thickness corresponds to 40 inC/cm 2 of charged passed, pwhh:
peak width at half height.

with two dopant types: (1) benzene aromatics and (2) long aliphatic chain dopants. Films
displaying intermediate peak width/height values are produced by the larger naphtha-
lenesulfonate monoanions and dianions. The poorest quality films are formed with
smaller organic and inorganic anions. From Table 5, the standout anions for conferring
order in polypyrrole films are the tosylate, dodecylbenzenesulfonate, p-chlorobenzene-
sulfonate and trichiorobenzenesulfonate. The size and shape of the stand-out anions
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apparently fits well within the lattice of the polypyrrole and allows the polymer to grow

in a more uniform and ordered structure. These results are corroborated by the x-ray

scattering results discussed previously and attest to the voltammetric response technique

as being a simple and reliable method for the rapid screening of structural order in

polypyrrole-dopant systems.

1.4.2 Transmission Electron Microscopy

An alternative method for the determination of the degree of crystallinity of a

material is Transmission Electron Microscopy (TEM). The use of the electron microscope

allows one to examine the material under very high magnification and for sufficiently

crystalline material, allows determination of the lattice dimensions and symmetry. This

technique is ordinarily performed on very thin, nearly transparent material deposited on

standard minigrids. The successful use of the electron microscope relies on exacting

sample preparation techniques. Thick samples do not transmit the diffracted electrons.

Sample preparation techniques that have been previously used include particle suspension

depositions and microtoming. Under this contract, we have investigated two methods for

TEM sample preparation: (1) direct electrodeposition of the polymer on the TEM grid and

(2) application of polymer particles onto the TEM grid. The electrodeposition technique

provided the best samples for TEM observation of the electrodeposited materials while

the second method was most applicable to the chemically prepared polypyrrole polymers

described in a following section.

Samples of polypyrrole suitable for TEM measurements were prepared by

directly depositing the conductive polymer onto the gold minigrid. This was

accomplished by immersing the grid, gripped by a gold-plated alligator clip, into the

monomer/electrolyte solution and then applying a constant anodic current of about

I mA/cm2 to the grid. The deposition was terminated after periodic inspection of the

grid revealed sufficient polymer growth within the grids. It should be noted that the

optimal conditions for TEM sample preparation were not those used for thick, free-

standing film preparation but rather those that promoted fibril or nodular-type growth in

the grid spacings (see Table 2). Displayed in Figs. 19 and 20 are magnified views of a

sample of polypyrrole tosylate deposited onto the gold minigrid. As can be seen from
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Table5

Effect of Various Anions on the First Reduction Peak of As-Deposited
Polypyrrole Films from Aqueous Electrolytes

Dopan!, Evaluatior. Scan 'Pc EPC qc/qd pwhol rr.

Anjo- Solven! Rate (mV vs (mV)
(mv/s) (LA/cm2) SCE)

Tos) late AC, 50 14.3, -770 0.156 5C I

H20 50 345 -700 0.175 300 1

p-CIES AC\5, S 1250 -750 0.14S 12. 1

C;. ES ACN 5: 1041 -75C 0.142 £. 1
H-C 5: 80I -00 0.164 16C I

C 1ES ACN 5: '3 -820 0.151 180 1
H.C '5 99: -69: 0.167 12:

C 1050 " H:C 5. 525 -59: 0.171 210 2

2-NS i:,- IC: 65C -580 0.192 4 3 2

4,t'-BPDS ACN 5: 665 -103' 0.166 35r 1
H:C 5, 265 -42- C.IE9 475

2,6-NDS ACN 50 720 -98' 0.141 26C 2

1,5-NDS ACN 5: 4 5 -97C 0.159 K:: !
H 20 1c: 560 -56. 0.174 ,7: 3

PSS ACN 5: 3S0 -91 C 0.162 2£. 1
H20 5: 273 -65C 0.176 47: 2

CHjS0j" H20 50 19: -750 C.142 61-. 3

H50. H20 50 22: -510 0.127 50: 2

8cH20 VC 200 -740 0.144 750 2

ACN evaluation solvent was 0.1M tetraethylammonium tetrafluoroborate; aqueous evaluatio,
solvent was 0,1M sodium tosylate. I = cathodic peak current. E z peak potential of
cathodic wave. q /qd a ratio of interted cathodic charge on first Aan to total charge to
produce film (18.1 mC). pwhh r peak width at half-height. m a multiplicity of cathodic wave.
Chemical terms: p-CIBS z p-chlorobenzenesulfonate; C13 BS a 2,4,-trichlorobenzenesulfon&ie:
C, 2BS z dodecylbenzenesulfonate; C, S0 a dodecylsulfate; 2-NS z 2-naphthalenesulfonaie;
4,'-BPDS a 4,4'-biphenyldisulforate; 2,6-NDS a 2,6-naphthalenedisulfonate; 1,5-NDS a
1,5-naphthalendisulforiate; PSS a polystyrenesulfonate.
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s37U7

Fig. 19 TEM photograph of electrodeposited polypyrrole tosylate.

Fig. 20 TEM photograph of electrodeposited polypyrrole tosylate.
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these photographs, there are numerous polymer fibers growing across the grid openings.

Examination of the thinnest portions of these fibers by electron diffraction does not

reveal any diffraction evidence of crystallinity. A thin film is observed to stretch across

the grid openings. This film gives rise to the electron diffrac'.ion pattern observed in
Fig. 21. From these photographs, it is seen that the polymer apparently grows in more

than one morphological phase and that crystallinity is observed in one phase. The
relationship of the crystalline phase to the amorphous phase is not known but it is worth

noting that the crystalline phase corresponded to the thinnest portion of the polymer
film. This observation may suggest that the nascent polymer grows in a semicrystalline

morpholog) while the bulk polymer subsequently develops into an amorphous phase.

Other samples of doped polypyrrole have also been examined by TEM. For
example, TEM photographs of two separate regions of polypyrrole dodecylsulfate

deposited from aqueous solution are shown in Figs. 22 and 24 and the electron diffraction
photographs produced by the thin polymer deposits are illustrated in Figs 23 and 25. As

was the case for the tosylate-doped polymer, the dodecylsulfate-doped polymer appears
to grow in more than one morphological phase; the crystalline phase occurring in the

thinnest, least-developed portion of the sample. While limited amounts of crystallinity
were detected in the tosylate and dodecylsulfate-doped polymers, no evidence of crys-

tallinity could be detected in TEM samples of polypyrrole dodecylbenzenesulfonate

(Figs. 26 and 27) that were prepared under several sets of experimental conditions.

The polypyrrole-chlorobenzenesulfonates were also examined by TEM. These

derivatives appeared to exhibit the greatest degree of order according to the x-ray

diffraction patterns. As seen from the TEM photographs (Fig. 28-30) the monochloro-

benzenesulfonate-doped material exhibited some crystallinity in the thinnest regions of

the sample. In contrast, a deposit of the pentachlorobenzenesulfonate-doped polymer

that grew in a spheroidal morphology, did exhibit any evidence of crystallinity (Figs. 31
and 32). TEM photographs of the trichlorobenzenesulfonate-doped material (Fig. 33 and

34) show that this polymer also contains crystalline components. Thus, these dopant

anions appear to confer a greater degree of order to the structure of the polypyrrole than

others that were examined in this work. This ability to order polypyrrole may be due to

several features of these anions. First, the bulky size of the chloride substituents may
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SC40373

Fig. 21 Diffraction pattern from discrete particles on continuous film.

SC37561

Fig. 22 TEM photograph of electrodeposited polypyrrole DDS.
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SC37M6

Fig. 23 TEM photograph of electrodeposited polypyrrole DDS.

SC37M6

Fig. 24 TEM photograph of electrodeposited polypyrrole DDS.

Willi



NADC-87092-60

SC37559

Fig. 25 Electron diffraction pattern electrodeposited polypyrrole DDS.

SC3756

Fig. 26 TEM photograph of electrodeposited polypyrrole DDBS.
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SC37563

Fig 27 Electron diffraction pattern of electrodeposited polypyrrole DDBS.
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SC40380

F ig. 29 Dark field TEM photograph of polypyrrole MCBS showing crystalline grains.

SC-si

Fig. 30 Diffraction pattern from thin film of polypyrrole MCBS.
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Fig. 31 TEM photograph of polypyrrole PCBS; film is agglomeration of spheroidfs.

Fig. 32 Diffraction pattern from spheroids of polypyrrole PCBS.
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Fig. 33 TEM photograph of polypyrrole TCBS.
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Fig. 34 Diffraction pattern from fiber of polypyrrole TCBS.
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attenuate side reactions during the formation of the polymer film and therefore lead to a
more uniform and ordered structure. Secondly, weak Van der Waals attractions between

chloride atoms may serve to provide additional lattice interactions and lead to a more

ordered structure.

1.5 Conclusions

The effect of the incorporated dopant ion upon the morphology of polypyrt ole

was investigated by use of x-ray diffraction and transmission electron microscopy. While

polypyrrole is found to be largely amorphous, some polymer-dopant combinations are

found to be more ordered than others. In general, the use of either benzene aromatic

sulfonate dopants or long chain aliphatic sulfates produces polypyrroles exhibiting the

greatest degree of order. The polymers containing the napthalene sulfonates and

disulfonates do not exhibit as much order. The degree of order was correlated with the

conductivity and mechanical properties of the polymer films. TEM characterization of

the polymers confirmed that the polymers that exhibited the greatest degree of order as

judged by the x-ray scattering curves, also contained detectable crystalline components.

Further, TEM measurements indicated that very thin undeveloped polymer samples con-

tained a greater degree of crystallinity than thicker, more developed polymers.

A recently developed voltammetric technique for the evaluation of order in

thin films of polypyrrole-dopant was related to the x-ray diffraction patterns. The

sharpness of the first reduction peak of the as-synthesized polypyrrole films was corre-

lated with the order of the polymer. Thus, a simple and rapid technique is now available

for assessing order in polypyrrole-dopant combinations.
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2.0 CHEMICALLY DEPOSITED POLYPYRROLE

Most studies on polypyrrole have focussed on electrochemically deposited

materials. Recently, however, a chemical method to prepare electrically conducting

polypyrrole has been described.9 This method relies on the simultaneous oxidation and

polymerization of pyrrole monomer with ferric salts of organic sulfonates. As these

materials may be valuable alternatives to the electrodeposited polymers, it was of

interest to characterize them by TEM and x-ray diffraction.

Samples of chemically prepared polypyrrole suitable for TEM measurements

were prepared by a two-step procedure. Thus, a solution of a ferric sulfonate was placed

onto a glass slide, leaving a thin film of the oxidant on the slide. The glass slide was

placed into a closed jar containing a small amount of pyrrole monomer. As the pyrrole

vapors diffused onto the glass slide, a thin black polymer coating developed on the slide.

The polymer-coated slide was removed from the jar and carefully rinsed with methanol

to remove the remaining oxidant and by-products. A thin, nearly transparent portion of

the deposit was transferred to the TEM grid. Representative TEM micrographs of the

chemically prepared triflate polymer are shown in Figs. 35-37. As seen from these

figures, the thin film that is stretched across the openings of the grid is composed of

many individual hexagonal or octagonal particles about 1000k in diameter but as seen in

Fig. 37 these particles do not produce any diffraction reflections. These particles

probably arise from the amorphous polymerization of the monomer on the surface of the

individual crystallites of the ferric salt, the size of the particle related to the quantity of

ferric ion in the crystallites. Ferric tosylate and ferric ethylbenzenesulfonate produce

similar polypyrrole deposits.

The lack of any detectable crystallinity in the chemically prepared polypyrrole

powders as compared to the electrodeposited materials suggests that the structures and

compositions of these two types of materials are not the same. Analytical results

previously obtained on the ferric ion derived polypyrroles indicate that substantial

quantities of oxygen are incorporated in these polymers. In the case of the electro-

deposited materials, the applied potential may serve to partially align the ionic

conducting polymer which can result in a pseudo-ordered material. The mechanism for
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SC37SU

Fig. 35 TEM photograph of chemically deposited polypyrrole trit late.

SC27M6

Fig. 36 TEM photographs of chemically deposited polypyrrole trif late.
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Fig. 37 TEM photograph of chemically deposited polypyrrole trif late.

the formation of the chemically prepared polymers on the other hand is quite different.
Polymer formation is influenced by the random diffusion of the oxidant and monomer.
In the absence of an applied electric field, the resultant polymers adopt a nearly
amorphous microstructure. The failure to detect crystallinity or order in the TEM
images or in the x-ray diffraction curves of the powders is evidently a reflection of the

amorphous nature of the chemically prepared polymers.
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3.0 POLY-3-METHYLTHIOPHENE

3.1 Introduction

As discussed in the previois sections, polypyrrole is a material of low

crystallinity and is largely amorphous. Possible reasons for the low crystallinity of this

polymer can include structural defects such as chain cross-links, beta-coupling of

monomer units and the presence of pyrrolidinone end groups. These types of polymer

defects probably arise because of the manifold of reaction pathways available to the

intermediates involved in the polymerization of pyrrole monomer. This supposition

suggests that circumvention of the side-reactions mentioned above may lead to a more

uniform and possibly to a more crystalline polymer. A possible means of blocking some

of the side reactions would be to introduce beta substituents onto the hetero-aromatic

monomer. W, hile 3-substituted pyrroles are not readily available, the iso-electronic

3-substituted methylthiophene monomer is available and has already been electro-

polymerized. 10 In view of our efforts on the solid state characterization of polypyrrole,

it was of interest to prepare doped poly-3-methylthiophene and examine this polymer by

diffraction techniques.

3.2 Experimental

Poly-3-methylthiophene films were deposited at constant current from a three

electrode cell. The working electrode was either indium-tin oxide conducting glass or a

gold-plated copper sheet. The counter electrode was a cylindrical platinum mesh elec-

trode. The reference electrode was silver/silver nitrate/tetraethy lammonium tetra-

fluoroborate/ACN. The electrolytes were used as free acids at 0.1 M concentrations

while monomer concentrations were 0.1-0.2 M. Under these conditions, constant depo-

sition currents of 6 mA/cm 2 produced voltages of 4.5 to 5.0 V. The best films were

obtained using redistilled propylene carbonate. As-synthesized films were first soaked in
=-_'3propylene carbonate and then in methylene chloride and dried under a stream of nitrogen.

X-ray diffraction and TEM measurements were performed as described in the

preceding section.
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3.3 Results and Discussion

3.3.1 Polv-3-methvlthiophene Film Synthesis

Poly-3-methylthiophene can be prepared by electrodeposition techniques

similar to those used for the preparation of polypyrrole. Usually this polymer is

deposited from dry, non-aqueous solvents such as acetonitrile or propylene carbonate in

the presence of typical electrolytes such as tetraethylammonium perchlorate or tetra-

butylammonium triflate. The conductivities of the electrodeposited poly-3-

methylthiophene films prepared in this work range from I to 80 mho/cm, although

several groups have reported synthesizing this film with conductivities in excess of

200 mho/cm. I1 While the doped polypyrrole films exhibit good environmental stability,

the poly-3-methylthiophene films are sensitive to exposure to water and had to be stored

in an inert atmosphere to prevent deca) of electrical properties. The increased environ-

mental stability of the pyrrole polymers compared to the 3-methylthiophene polymers is

attributable to the lower oxidation potential of the pyrrole monomer compared to the

thiophene monomer.

In contrast to the good mechanical properties exhibited by the polypyrrole

films, the poly-3-methylthiophene films were usually brittle and quite fragile. Attempts

to optimize the deposition conditions to produce better quality films did not dramatically

alter the mechanical properties of the films. The best quality films are obtained from

propylene carbonate at low temperatures in the range 0-5*C. The best electrolytes were

tetrabutylammonium triflate, triflic acid or perfluoroctanesulfonic acid. Attempts to

prepare poly-3-methylthiophene tosylate or dodecylbenzenesulfonate only resulted in the

formation of soluble dark oligomers at the anode surface. Thus, two films of poly-3-

methylthiophene containing the dopant ions triflate and perfluorooctanesulfonate were

successfully prepared and characterized.

3.3.2 X-Ray Diffraction

X-ray scattering curves were obtained on free-standing films of doped poly-3-

methylthiphene. As these films could only be synthesized under very specific conditions,

only three such polymer films were characterized by x-ray diffraction.
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The triflate doped polymer gave rise to the x-ray diffraction pattern snoWn n

Fig. 38. This scattering curve appears to contain three separate broad peaks at

2 o max = 26, 16.5, 50. These diffraction angles correspond to d-spacings of 3.42, 5.37

and 17.67k, respectively. As in polypyrrole, the 3 to Ak spacings may roughly corresponc

to distances between monomer units along a chain or between chains. The x-ra%

diffraction pattern of this polymer is consistent with the data presented by Garnier et a!

for the same polymer. 1 2 Garnier assigned the highest angle diffraction peak to the

spacings associated with the polymer backbone on the basis of the observation that the

diffraction peak at 170 disappeared in the x-ray scattering curve of neutral poly-3-

methylthiophene while the peak at 260 was still observed. Those workers did not report

any diffraction peaks below 100. The low angle diffraction peak observed in our work

may correspond to spacings associated with the dopant ions or may represent the

presence of a type of short-range structural order.

To determine the effect of temperature upon the microstructure of the

polymer, a film of poly-3-methylthiophene triflate was deposited at -40°C from a pro-

pylene carbonate solution containing monomer and triflic acid. The film produced under

these conditions gave rise to the diffraction pattern displayed in Fig. 39. As can be seen

from this figure, there are at least three peaks in this curve. The higher angle peak

appears to be sharper and more intense in this curve, compared to the curve produced by

the room-temperature-synthesized film. Based upon the assignments of the x-ray peaks

proposed above, this sharper peak might indicate that more order exists in the polymer

backbone in the material synthesized at -400C. The intermediate angle peak appears

slightly shifted to a lower angle, 15*, and is broader and less intense. This may indicate

that the dopant ions in the polymer are more randomly placed throughout the lattice.

The lower angle peak in the x-ray diffraction pattern of the film synthesized at -400C

appears as a doublet and is sharper than the corresponding peak in the diffraction pattern

of the room temperature synthesized film. As mentioned, the lattice features that give

rise to this low angle diffraction are not known. However, Gamier has proposed a helical

structure for this polymer and calculated the coil diameter to be about 19A; a value in

reasonable agreement with the observed d-spacing of 17.7k
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Fig. 38 X-ray diffraction pattern of poly(3-methylthiophene) trifluoromethane-

sulfonate prepared at 0-50C from propylene carbonate.

8

6-

2

0

0 5 10 i5 20 25 30 35 40

SCATTERING ANGLE (26)

Fig. 39 X-ray diffraction pattern of poly(3-me thylIthiophene) trifluoromethane-
sulfonate prepared at -40*C from propylene carbonate.
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In contrast to the x-ray diffraction pattern produced by the film of poly-3-

methylthiophene, the x-ray scattering curve shown in Fig. 40, of the perfluoro-

octanesulfonate-doped polymer film exhibits one broad peak, 2 e max = 18", that

probably consists of several overlapping peaks. The separated higher angle diffraction

peak that was present in the scattering curve of the triflate polymer appears as a

shoulder on the higher angle side of the main diffraction peak in the perfluoro-

octanesulfonate-doped polymer. The low angle diffraction of the perfluoro-

octanesulfonate-doped polymer appears significant and begins about 70. However, due to

instrumental limitations, it is not possible to determine the full extent of the low angle

diffraction. This diffraction appears to continue down to very low angles. If we assume

that the location of the diffraction maximum of the lower angle peak is around 20, the

corresponding lattice spacing is equal to about 45A. The magnitude of this d-spacing

suggests that a different type of ordering is present in this material as opposed to the

triflate-doped polymer. From the diffraction pattern it is not possible to determine

whether this spacing corresponds to distances along one polymer chain or to distances

spanning a number of aligned polymer chains, but in any case, this polymer film appears

to exhibit more order than is present in the polypyrrole films. This aspect of the
morphology of poly-3-methylthiophene perfluorooctanesulfonate requires further

investigation.

3.3.3 Transmission Electron Microscopy

Samples of doped poly-3-methylthiophene suitable for TEM were prepared by

directly depositing the polymer onto the TEM grid as described for the polypyrrole

samples. Figure 41 is a magnified photograph of a deposit of poly-3-methylthiophene

triflate prepared using tetrabutylammonium triflate as the supporting electrolyte. As

seen, this material develops with a fibrillar morphology. Higher magnification reveals

(Fig. 42) a very thin polymer film that transmits electrons. This thin film is semi-

crystalline as evidenced by the generated electron diffraction pattern (Fig. 43). As was

the case for the polypyrrole films, crystallinity is only detected in the thin polymer

regions. The thicker deposits are amorphous. Poly-3-methylthiophene triflate deposited

from a solution containing triflic acid produces a polymer of comparable crystallinity. In

comparison to the polypyrrole films, these materials are more crystalline and probably
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Fig. 40 X-ray diffraction pattern of poly(3-methylthiophene) perfluoroctylsulfonate
prepared from propylene carbonate.

more ordered. Thus, the presence of the 3-methyl substituent on the aromatic ring

apparently leads to a more uniform polymer that is able to adopt a semi-crystalline

structure.

The perfluorooctanesulfonate-doped P3MT derivative was deposited onto a

TEM grid from an acetonitrile solution containing monomer and the free acid. Figure 44

is a magnified photograph of this deposit. As can be seen, this material also grows in a

fibrillar morphology. However, a portion of this deposit has grown in a thin continuous

film. Examination of both regions of this deposit does not reveal any detectablecrystallinity (Fig. 45).

While a tough, free-standing film of poiy-3-methy'thiophene hexafluoro-

phosphate could not be obtained, it was possible to deposit this polymer-dopant material

onto a TEM grid. As seen from Fig. 46, this material does not grow in a fibrillar
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morphology and is not as crystalline as the triflate-doped polymer although hints of

crystallinity are detected by electron diffraction.

3.3.4 Conclusions

The morphologies of several electrodeposited dopant anion-poly-3-

methylthiophene combinations were examined by x-ray diffraction and TEM. These

materials display more crystallinity than the polypyrrole materials but are still of

relatively low crystallographic order. The polymer synthesis temperature was found to

influence the degree of order of the polymer; lower temperature syntheses produced

more ordered polymers. Because of the limited number of dopant-polymer combinations

that are available with poly-3-methylthiophene, an extensive study of the role of dopant

anions upon the morphology of poly-3-methylthiophene could not be carried out. The

fact that poly-3-methylthiophene only iorms with specific dopant ions, however, suggests

that this polymer lattice is not as open or flexible as the polyp)rrole lattice and probably

indicates that the structure of the polymer is more uniform.

The x-ray diffraction pattern of perfluorooctanesulfonate-doped polymer

exhibits significant low angle diffraction which may suggest that this dopant ion partially

orders the polymer. Further investigations to clarify this point will be required.
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SC35576

Fig. 41 Magnified view of poly-3-methylthiophene trif late grown upon a TEM grid
grown from O.IM [BU4N]CF 3SO 3 in acetonitrile.
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SC3550

C1

Fig. 42 Larger magnification of the polymer shown in previous figure.
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SC35579

Fig. 43 Electron diffraction pattern produced by the polymer shown in previous figure.
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SC35578

Fig. 44 Magnified view of a poly-3-methylthiophene triflate grown from O.IM
CF3SO 3H in acetonitrile.
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Fig. 45 TEM photograph of poly-3-methylthiophene perfluorooctylsulfonate deposited
from propylene carbonate.
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SC35577

Fig. 46 Magnified view of poly-3-me thylIth iophene hexafluorophosphate grown from
propylene carbonate.
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