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ABSTRACT

STRUCTURE AND MORPHOLOGY OF ELECTRICALLY CONDUCTING

POLY(p-PHENYLENE VINYLENE)

SEPTEMBER 1989

MICHAEL A. MASSE, B.S., UNIVERSITY OF MAINE

M.S., UNIVERSITY OF MAINE

Ph.D., UNIVERSITY OF MASSACHUSETTS

Directed by: Professor Frank E. Karasz

Poly(p-phenylene vinylene) (PPV) is a conjugated polymer which becomes

highly electrically conducting when treated with the appropriate doping agents. In

this work the physical and chemical structure of the electrically conducting forms of

PPV have been investigated using a variety of experimental techniques.

The chemistry of AsF
5
-doping in PPV was investigated using FTIR, x-ray

photoelectron spectroscopy (XPS) and mass spectrometry. The results confirmed the

formation of AsF
6
~ in the doped polymer. Mass spectrometry of heavily AsF

g
-doped

PPV showed the thermolysis products to consist only of hydrocarbon chain segments.

A first order crystal-crystal phase transition was observed when PPV was

chemically doped with AsF
5 ,
SbF

g ,
H

2
S0

4
or electrochemically oxidized with C10

4
" as

the counterion. These structures have been observed using wide angle x-ray

diffraction. Doping with these agents does not disrupt the original orientation of the

PPV crystallites. The crystalline phases obtained with all dopants are similar in

character indicating a closely related family of electrically conducting structures
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having orthorhombic symmetry. An electrically conducting phase consisting of layers

of stacked, parallel polymer chains separated by a layer of the chemical dopant is

proposed.

The crystal morphology of PPV has been investigated using electron

microscopy. Dark field imaging revealed small diffracting regions on the order of 7.0

nm in size with an aspect ratio near 1. These diffracting regions were shown by high

resolution transmission electron microscopy to be composed of small crystallites 5.0

nm in size. A micellar model of the crystalline morphology in oriented PPV is

presented. The model represents PPV as a highly connected network of small

crystallites. Crystallites of the electrically conducting phase were observed after

doping with H
2
S0

4
. The general morphological character is preserved in the

conversion from insulating to conducting forms.

With the conditions employed dopant penetration was found to be shallow in

AsF
5
treated PPV. Based on Rutherford backscattering spectrometry results a model

is presented in which shallow conducting skins are formed with dopant profiles

characteristic of a chemical fixation process. A thin layer containing arsenic oxides is

formed on the doped surfaces.
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CHAPTER 1

INTRODUCTION

U Materials, Structure and Electrical Conductivity

Traditionally polymers have been considered electrical insulators [1]. In fact,

common polymers such as polystyrene, polyethylene, and poly(tetrafluoro-ethylene)

have electrical conductivities on the order of 10~ 16
to 10' 18

(fi cm)' 1
[1,2]. These

values are at least 22 orders of magnitude less than the conductivity of metallic silver

and copper. However, in 1977 it was discovered that a synthetic organic polymer,

polyacetylene, possessed an electrical conductivity of 220 (Q cm)" 1
after doping with

AsF
5 [3]. This discovery provided the impetus for research into the physics and

chemistry of organic conducting polymers. The work presented in this dissertation

has been focused on one such electrically conductive polymer, poly(p-phenylene

vinylene) (PPV). This polymer consists of alternating phenylene and vinylene groups

along a single polymer chain (see Figure 1.1). As such it can be considered as an

alternating copolymer of polyacetylene and poly(p-phenylene) both of which are

conducting in their doped forms. With regard to electrical conductivity, PPV

challenges the best synthetic conductors.

The main point for investigation in this study has been the structural

character of the conducting forms of PPV. It is well known that the microscopic

structure of materials lies at the basis of their electrical properties [4]. For instance,

the nature of the crystalline lattice is one factor responsible for the high electrical

conductivity of metals. In metallic lattices the conduction electrons experience a

periodic potential arising in part from their Coulombic interactions with the regularly

spaced nuclei. This periodic potential provides a background against which the

electrons travel with high mobilities. Where the periodic nature of the material
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breaks down, as in grain boundaries, the mobility of the electron is to some degree

retarded.

The presence of a periodic character is itself not a sufficient condition for the

existence of electrical conductivity. Consider for example V0
2

. This crystalline

metal oxide is an insulator at ambient pressures. As the pressure is increased the

lattice parameters are slightly compressed. At a critical distortion the material

becomes electrically conductive. This phenomenon is referred to as the metal-

insulator transition and is caused by a modification of the periodic potential through

a change in the lattice parameters.

In a more recent vein, the structure of the newly discovered copper oxide

superconductors [5,6] also plays an important role in the properties of these materials.

For instance, YBa
2
Cu

3
O
x

is orthorhombic and superconducting for 6.5<x<7.0 [7]. The

crystal is a layered structure [8] as shown in Figure 1.2. This material is

antiferromagnetic with neighboring copper atoms having alternating spins [9].

Because of the periodic lattice structure a spin density wave is created which is

related to the occurrence of superconductivity. Disruptions of the periodic structure

at grain boundaries [10] or intragrain twin boundaries [11] leads to the formation of

non-superconducting regions.

Clearly, crystalline structure and morphology play an important role in

material properties.

In the field of conducting polymers the understanding of the structure-

property relation is less well developed. Because of the anisotropic nature of bonding

in ^-conjugated polymers theoretical treatments have considered conduction as a one-

dimensional process [12-14]. However, significant transverse conductivities have been

experimentally measured in oriented conducting polymer films [15-17]. Thus, while

stongly anisotropic, the transport of electrons in conducting polymers has at le

two-dimensional character. Admittedly, the many-body problem of conduction in a



three-dimensional array of polymer chains is a difficult one. Further, the one-

dimensional approach satisfactorily accounts for many properties of conducting

polymers [12]. Nonetheless, consideration of the physical structure in the conducting

phases of polymeric materials may lead to important refinements.

1.2 Objectives

The purpose of this dissertation work has been to investigate the structural

features of electrically conducting PPV from a materials point of view. It is hoped

that the results presented here will serve as a basis for a deeper understanding of

electron transport in synthetic polymers. Rather than focus on one particular aspect,

this work has investigated the structure of electrically conductive PPV on three

different levels. First, wide angle x-ray diffraction studies were undertaken to

investigate the crystal structure of PPV oxidized with a variety of dopants. Second,

the morphology of the conductive crystalline domains was probed using transmission

electron microscopy (TEM). Third, the penetration of dopant into bulk films was

studied using Rutherford backscattering spectroscopy (RBS). This approach is

schematically represented in Figure 1.3. Hopefully, from this work a clear picture

of the structure and morphology of electrically conductive PPV will emerge.

1.3 Organization of the Dissertation

Before presentation of the experimental results a review of conducting

polymers and their physical structures will be presented in Chapter 2. The

experimental procedures will be discussed in Chapter 3. Next, the electrical

properties and the chemistry of doping of PPV will be presented in Chapter 4. In

Chapters 5, 6, and 7 respectively the x-ray diffraction crystal structure study, the

morphology investigation, and the dopant penetration results will be discussed. The

correlations between the results of these three areas of study will be discussed in

Chapter 8 along with other general conclusions and suggestions for future study.
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To improve the readability of this manuscript the text, tables, and figures are

not interleaved. Rather, the text, tables, and figures are separate and follow in this

order in each chapter.
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/rarts-Poly(/?-phenylene vinylene), PPV

Poly(p-phenylene), PPP

Jrmu-Polyacetylene, PA

Figure 1.1 Chemical structure of poly(p-phenylene vinylene)

and related compounds.
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CuCL plane
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Copper
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Figure 1.2 Crystal structure of high T superconductor YBaXu O
(after ref. 7).
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CHAPTER 2

LITERATURE REVIEW

Beginning with the discovery of electrical conduction in polyacetylene [3] the

potential of synthetic organic polymers as electrical conductors has been vigorously

studied [18]. Much effort has been expended in the synthesis and characterization of

new macromolecules with the goal of achieving conductivities equal to or greater than

metals. In fact the synthetic nature of organic polymers has allowed the synthesis of

dozens of chemically different macromolecules each with differing electrical

properties [19,20]. To date the highest electrical conductivities have been achieved

with Ziegler-Natta synthesized polyacetylene: Naarmann and coworkers [21]

measured room temperature conductivities as high as 1.5 x 10
5
(0 cm)" 1

. While still

lower than copper (w 10
6
(n cm)" 1

) this value of electrical conductivity challenges

metallic conductivity when normalized by mass density. On the other hand, non-

conjugated polymers such as m-polyisoprene have been found to possess

conductivities of wlO" 1
(fl cm)" 1 when iodine-doped [22]. Thus, by employing a

variety of chemical structures a wide range of electrical properties can be achieved

with synthetic polymers.

In this chapter a review of pertinent conducting polymer literature is

presented. First the developments concerning PPV are discussed. This is followed by

a review of morphological and structural studies performed on conducting polymers

in general.

2.1 Direct Synthesis of Poly(phenylene vinylene)

The investigation of PPV as an electrical conductor was initiated using low

molecular weight fractions obtained by direct synthetic routes. Oligomeric PPV was
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synthesized by Wittig condensation of p-xylene ^-(triphenylphosphonium chloride)

with terephthaldehyde or by dehydrohalogenation of p-xylylidene dihalides [23-25].

Because of the oligomeric character and insolubility of these molecules the PPV thus

obtained was in powder form. The highest electrical conductivities measured on

pressed pellets of oligomeric PPV powder was on the order of 1 (fl cm)" 1
. While the

conductivity values are low with respect to metals these studies revealed important

features concerning the relationship between chemical structure and conductivity.

The conductivities of Wittig and dehydrohalogenation PPV were essentially identical

even though the former route produces a large fraction of cis double bonds and the

latter primarily trans double bonds [25]. On the other hand, when meta linkages are

incorporated on the phenyl group rather than para linkages the molecule does not

react with AsF
5 . This was attributed to a change in electronic structure producing an

increased band gap. Further, the model compounds stilbene and trans,trans- 1,4-

distyrl-benzene as well as poly(diacetylene phenylene), both the para and meta forms,

did not exhibit conductivity increases after AsF
5
-doping. These studies demonstrated

that conductivity increases occur when the molecule has a degree of polymerization

greater than three and para aromatic bonding.

2.2 Precursor Synthetic Route to Poly(p-phenylene vinylene)

As discussed in the preceding section high molecular weight PPV is not

obtained from direct synthetic routes. The synthesis of high molecular weight PPV

was first performed by Wessling and Zimmerman in 1968 [26]. These investigators

synthesized a water soluble sulfonium salt precursor polymer which could be

thermally converted to fully conjugated PPV. In this route 6/5-(sulfonium chloride)-

/7-xylene is polymerized in water by addition of a strong base (see chapter 3 for a

detailed procedure). Recent spectroscopic studies have proposed an anionic

polymerization mechanism having an ylid propagating species [27].
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This synthetic route has been employed by Karasz and coworkers [28,29] and

by Murase et al [30,31] in the study of the electrical properties of PPV. Highly

oriented films of PPV can be prepared by simultaneously stretching and heating the

precursor films. The electrical conductivity of isotropic films was 10 (Q cm)" 1
after

AsF
5
-doping [28,31]. In the oriented films the conductivity is anisotropic with the

largest component parallel to the orientation direction. In fact, films stretched to a

draw ratio of 10 had parallel and transverse conductivity values of 60 and 2 giving

and anisotropy (a
j
/aj_) of 30 [32]. (The draw ratio is defined as the ratio of the

final length to the original length, L/L
q .) Thus, increased conductivities are

measured for high molecular weight PPV synthesized by the precursor route.

Recent developments involving the synthetic route have shown that incipient

or self-doping might be possible with precursor PPV. Patil et al [33] have

synthesized sulfonium salt precursors to PPV which incorporate doping-active

counterions. Through an ion-exchange process the usual chloride counterion is

replaced by an AsF
g
" anion. Upon mild heat treatments modest conductivities (sslO'

1

(ft cm)" 1
) were obtained.

The sulfonium salt precursor route has been used to synthesize a variety of

chemical derivatives of PPV [34-40]. Table 2.1 lists some of these derivatives and the

conductivities achieved upon doping. As can be seen from this table the highest

electrical conductivities are achieved with AsF
5
doping. Chemical modification by

incorporation of functional groups on the phenylene ring generally decreases the

attainable electrical conductivities. However, chemical modification leads to changes

in the polymer oxidation potential making possible doping by relatively weak agents

such as I
2

. This result has been utilized by Han et al [36]. These workers synthesized

copolymers of phenylene vinylene and 2,5-dimethoxy-phenylene vinylene. As a

result of the lower oxidation potential of the dimethoxy-PPV segments the

10



copolymers were readily doped with I
2
when only a small amount of dimethoxy

repeat units were incorporated into the polymer chains.

The soluble character of the PPV precursor has also allowed the preparation of

conducting polymer blends. Blends of precursor PPV with a variety of water soluble

non-electroactive polymers have been prepared by casting from common solvents [41-

43]. Blends with polyacrylamide were orientable and reached conductivities on the

order of 10 (fi cm)' 1
after doping with AsF

5 [41]. Further, it was found that

blending served to accelerate both chemical and electrochemical doping by facilitating

ion transport in blends with polyethylene oxide), polyvinyl methylether), and

hydroxypropyl cellulose [42]. A detailed study of PPV/ polyethylene oxide) blends

demonstrated the effect of morphology on electrical properties [43]. At low PPV

contents (<10 wt%) spherulitic morphologies characteristic of pure PEO were found.

As a result, the PPV did not form a continuous phase and only low electrical

conductivities (<10" 3
(n cm)" 1

) resulted after doping. At intermediate compositions

(25-50 wt%) PPV is segregated in the interlamellar region of the PEO spherulites

forming a highly connected network. This PPV morphology facilitates rapid doping

to limiting conductivities greater than 200 (fi cm)" 1
. At higher PPV contents (> 60 wt

%) the PEO phase is disperse and shows a lessened accelerating effect on doping.

Aside from preparing electroactive PPV, the polysulfonium precursor has also

been used to prepare graphite films. Ohnishi et al [44] have pyrolyzed oriented PPV

films prepared via the precursor route. They found biaxially oriented PPV, which

had been pyrolyzed at 2750°C, to be quite similar in structure and electrical

properties to highly oriented pyrolytic graphite (HOPG). They measured a

conductivity of 10
4

(fi cm)"
1
on samples prepared in this fashion. Subsequent

intercalation studies have also been performed on PPV derived graphite [45,46].
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2.3 Molecular and Crystalline Order in PPV

As previously mentioned high degrees of molecular orientation can be

achieved by the simultaneous heating and stretching of precursor films. An excellent

study by Bradley et al [47] characterized the molecular orientation in drawn films

using infrared dichroism. In this study films having a draw ratio of 5 were found to

possess a Hermans orientation function of 0.94. The Hermans orientation function is

defined

f = (3<cos
2
0> - l)/2 (2.1)

where <j> is the angle between the molecular axis and the orientation direction. As can

be seen from the above relation f approaches 1.0 as <cos
2
<£> approaches 1.0. Thus,

Bradley's result indicates a nearly perfect orientation of the polymer chain axis with

the stretch direction. In fact, the degree of orientation is higher than that predicted

by the Kratky model [48]. The Kratky model is based on a pseudo-affine

deformation mechanism and represents the upper limit for molecular orientation by

deformation in semicrystalline polymers. However, the model is a poor description of

PPV deformation since viscous flow and volume change due to the chemical

elimination reaction are not taken into account. When the volume change due to

reaction is considered it is found that the actual draw ratio is 26% greater than the

nominal draw ratio [49]. This correction alone, however, does not bring the observed

orientation into agreement with the Kratky model. A deformation mechanism fully

descriptive of the high efficiency of molecular orientation in PPV remains to be

forwarded.

The molecular orientation of PPV as a function of draw ratio was investigated

using both infrared dichroism and x-ray diffraction by Gagnon et al [50]. This study

found the molecular orientation to be a strong function of draw ratio at low

elongations. At draw ratios of 5 or greater the orientation function reached limiting

values near 0.95. For all draw ratios the x-ray derived value was slightly greater than
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the infrared value. This was attributed to a higher degree of orientation in the

crystalline domains.

The above studies have all focused on fully converted PPV. A recent study

by Moon et al [51] has followed the development of crystallinity during the precursor

to PPV conversion using x-ray diffraction. The precursor is amorphous. As the

films are thermally converted PPV crystallites nucleate and grow, reaching final

lateral sizes of 11.0 nm as determined from a Scherrer analysis.

Initial x-ray studies of the chain structure concluded that the solid state order

was nematic in character with no long range periodicity [15]. Subsequent x-ray

diffraction results by Bradley et al [52] confirmed the crystalline character of PPV.

A detailed electron diffraction study by Granier et al [53] determined the crystalline

unit cell to be monoclinic (see Figure 2.1). This study also noted that some partial

axial translational disorder existed in the [100] direction. A subsequent study by

Granier et al [54] refined the setting angle of the PPV chains in the unit cell using

packing energy calculations and presented results from a detailed analysis of the

scattered intensity distribution along the c = 1,2,3,4,5,6 layer lines. This analysis

quantified the paracrystalline disorder (second kind) inherent in PPV. Following the

developments of Hosemann and Bagchi [55] the components of a fluctuation tensor

were determined by fitting of calculated and experimentally observed diffracted

intensities. The components of this tensor describe the displacement of a point in a

crystalline lattice from its equilibrium position. Figure 2.2 schematically represents

the atomic position fluctuations in the PPV crystal. Of the nine tensor components

eight had values less than or equal to 0.04 nm indicating small contributions to the

disorder. The remaining component A
33

(l) had a value greater than or equal to 0.16

nm. This distance is the magnitude of axial position fluctuation (ie., along the [001]

direction) of neighboring chains in the [100] direction. By comparison the

corresponding axial fluctuation for neighboring chains in the [010] direction (A
33(2))
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is less than 0.04 nm. Also, the axial fluctuation component along a single chain

makes only a small contribution (A
33(3)

< 0.024 nm). Clearly this last result is

expected since the nuclei of a single chain are held in place by covalent bonds.

Extending the conclusions of Granier's paracrystallinity study one can imagine the

PPV crystal as having some sheet-like character where the (100) planes are the well-

registered sheets.

2.4 Mechanical and Optical Properties of PPV

Initially the study of mechanical properties of PPV films was hindered by the

inability to attain suitable lengths of uniformly drawn polymer. Recently, Machado

et al [56] developed a process to controllably stretch-orient precursor PPV films.

Uniform strains were imposed in both the stretch (or machine) and transverse

directions. The mechanical properties of uniaxially oriented films obtained by this

process were measured for "as-stretched" and fully converted films [57]. In the "as-

stretched" state the films had low elastic moduli ranging from 2.7 to 15.5 GPa for

draw ratios of 1 and 10 respectively. In addition, films with draw ratio less than 5

exhibited classical yielding behavior with the formation and propagation of a neck

region. "As-stretched" films of higher draw ratio exhibited elastic behavior. Fully

conjugated PPV did not exhibit classical yielding. High moduli ranging from 2.3 GPa

for isotropic films to 37 GPa for films of draw ratio 12 were measured. Further, the

mechanical properties of oriented films were anisotropic with modulus anisotropies

(E
||

/Ej_) as high as 58. The mechanical modulus anisotropy of undoped films was

closely correlated to the conductivity anisotropy of doped, conducting films.

Doping by AsF
5
and SbF

g
chiefly served to embrittle the films. Also, the

elastic moduli were lowered by a factor of 2-5. From these results it was concluded

that the incorporated dopant did not contribute any load bearing capacity to the films

but rather merely increased the average cross-sectional area per chain.
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Optical spectroscopy has been applied to the investigation of the electronic

structure of conducting polymers. Absorption spectra of electrochemically oxidized

PPV was first reported by Yoshino et al [58]. The investigators observed three

doping induced absorptions at 0.7, 2.0 and 2.7 eV. The highest absorption

corresponds to the band gap (ie., the energy difference between valence and

conduction bands in an electronic band structure). The two lower absorptions were

attributed to electronic transitions associated with bipolaron states (see Figure 2.3).

(For an excellent introduction to electronic structures in conducting polymers see ref.

[13].) Electron spin resonance conducted by these researchers found only a low

concentration of spins in the doped sample and this concentration saturated at low

doping levels while the conductivity continued to increase. The authors explained

this behavior as the initial formation of polaron states (having a spin of 1/2) which

would be required as the first step toward formation of a bipolaron.

Similar results were obtained by Bradley et al from absorption studies of

doped PPV [59] and from photoinduced absorption studies of undoped PPV [60].

Electrochemically doped PPV exhibited doping induced absorptions at 0.9 and 2.3 eV.

PPV doped with AsF
g
had absorptions at 0.9 and 2.1 eV. These excitations were

attributed to bipolaron structures and no evidence, in the form of an intragap

transition at ss 1.4 eV, was observed thereby discounting the possibility of a polaronic

structure. Photoinduced absorption of undoped PPV gave transitions at 0.6 and 1.6

eV. While these energies are somewhat lower than in doped PPV they remain

consistent with bipolarons.

Detailed molecular orbital calculations have furthered the understanding of the

electronic structure in conducting PPV [61]. Comparison of calculated and

experimental results has determined the electronic structure to deviate from purely

bipolaron character. Rather, the bipolaron-like electron defect experiences a strong

Coulombic interaction and is localized within only four repeat units.
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Thin PPV films have also been investigated with regard to non-linear optical

properties. In linear optical materials the polarization is directly proportional to the

electric field vector. In non-linear optics second and third order (and higher)

dependencies of the polarization on the electric field vector arise [62,63]. In general

the polarization of a material is expressed

P
i
= X,/

1

^, + Xijk
<
2

)EjE
k
+ Xijkl

(
3

)EjEkEl + (2A)

where E. is the i

th
component of the electric field vector and the X

(i)
are the i

th
order

optical susceptibilities. These non-linear phenomena can be applied to the

construction of optical communication and signal processing devices.

A study on isotropic PPV films by Kaino et al [64] found a third order

susceptibility of 7.8 x 1(T
12

esu at a wavelength of 1.85 fim. Oriented PPV films

were examined by Singh et al [65]. These investigators measured X
{3) «4x 10" 10

esu

at 602 and 508 nm along the chain direction. Further, the susceptibility possessed an

anisotropy (x
(3)

| /x
(3)

_i_) of 37. Not unexpectedly, this value is close to the electrical

and mechanical anisotropics for highly oriented PPV. Chemical modification of PPV

has led to even higher susceptibilities [66].

2.5 Morphology of Undoped and Doped Conducting Polymers

The morphology of directly synthesized polyacetylene (PA) has been shown by

Karasz et al [67] and Chien et al [68] to be microfibrillar in nature. These researchers

examined PA films synthesized directly on electron microscope sample grids. In this

way artifacts due to handling and sample preparation were minimized. Both Ziegler-

Natta and Luttinger catalysts were used [69]. TEM images revealed such samples to

be composed of microfibrils of 20 nm average diameter. The ultimate morphological

entity making up the microfibrils are smaller ones averaging 3 nm in diameter. The

effect of doping on the microfibrillar morphology was examined by Epstein et al [70].

Upon doping the general morphological character was unchanged. However, both L
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and AsF
5
doping caused increases in microfibril diameter. Increases of 50-100% were

observed for I
2
doping. Doping by AsF

5
increased the microfibril diameter by up to

5000/c (ie., 100 nm). Further, both iodine and arsenic were observed by energy

dispersive analysis of x-rays (EDAX) to have uniform concentrations over the entire

sample surface.

By employing an alternate synthetic route continuous, fully dense PA

morphologies can be attained. Edwards and Feast [71,72] developed a precursor route

to PA in which a triene monomer is synthesized by olefin metathesis (see Figure 2.4).

As with precursor PPV, the PA precursor polymer is soluble and can be cast as films.

Conversion to the fully conjugated form is conducted thermally. Transmission

electron microscopy studies have confirmed the continuous character of both

precursor and fully conjugated forms [73]. Further, the conjugated polymer is

crystalline and experiences molecular orientation when the thermal conversion is done

at conditions of constant length.

Other conducting polymers such as poly(p-phenylene) (PPP) have been studied

from a morphological point of view. Using transmission electron microscopy Pradere

and Boudet [74] investigated the morphology of PPP synthesized by a variety of

techniques [75-77]. The results of the study indicated that of the three routes only

the Kovacic route [75] (a Friedel-Crafts polymerization of benzene) yielded a fibrillar

morphology. The others [76,77] produced globular mosaic-like morphologies. In a

subsequent paper Pradere and Boudet [78] investigated the effect of AsF
g
doping on

Kovacic PPP. As with PA, the microfibrils experienced a swelling with the diameter

increasing approximately 50%.

2.6 Crystalline Order in Doped Polymers

As with other topics of investigation in conducting polymers, the structural

studies have been primarily performed on doped PA. Electron diffraction studies by
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was
Shimamura [79-81] focused on iodine-doped m-polyacetylene. The polymer

synthesized using a Ziegler-Natta catalyst according to the Shirakawa technique [17].

The order in the polymer doped to saturation was found to be limited. Two broad

equatorial reflections at 0.38 and 0.22 nm and nine broad meridional reflections are

apparent in the doped material diffraction patterns. Also, one meridional reflection

at 0.123 nm indicated a doping induced cis-to-trans isomerization. Theoretical

calculations of the meridional intensities confirmed an ordering of the polyiodide

anions parallel to the chain direction with both I
3
" and I

"
present.

Subsequent work by Shimamura [82] attempted to clarify the structural issue

in I
2
-doped PA by using highly oriented polyacetylene epitaxially grown on

dibromobenzene single crystals. While this approach yields pristine polymer of a

more controlled texture no improvement in doped-complex structure was seen.

X-ray diffraction studies conducted by Baughman et al [83] found the state of

order in I
2
-doped PA to depend upon doping conditions and post-doping treatments.

They observed three equatorial spacings in the ranges 1.43-1.38 nm, 0.82-0.79 nm,

and 0.40-0.38 nm along with a meridional reflection at 0.31 nm. On the basis of

experimentally determined d-spacings, close-packing energy calculations, and

theoretical intensity calculations they proposed a staged doped structure analogous to

staging in graphite intercalation compounds [84]. In particular they conclude that a

structure with stage 3 character is formed for a composition of (CHI ) when

0.056<x<0.13 and a stage 1 structure when x=0.14.

It is important to note that a strong potential for disorder exists in iodine

doping since the dopant anion may exist as any form of I
n

" where n is odd. The

structural order in oxidized polymers is expected to increase when doping agents of

regular structure such as AsF c and SbF c are used.

Studies by Wegner et al [85] investigated the crystalline state of

electrochemically oxidized polyacetylene with the SbF ~ counterion. In this study the
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pristine polymer was prepared according to the precursor route developed by Edwards
and Feast. Films were stretch-aligned to give fiber diffraction patterns. In this case

indexation of the reflections is more certain. However, the resulting doped pattern

showed only two strong equatorial reflections at 1.0 and 0.45 nm and a broad

meridional reflection. From this limited information a model consisting of two

incommensurate sublattices, one for the polymer and one for the dopant, was

constructed.

Structural studies on AsF
5
and SbF

5
chemically doped PA have been

conducted by several groups. Riekel et al [86] used neutron diffraction with

deuterated, AsF
5
-doped PA. The polymer was synthesized using the Shirakawa

catalyst. Both cis- and //Yws-polyacetylene yielded the same crystalline doped

structure with d-spacings at 0.762, 0.395, 0.317, and 0.293 nm. Further studies by

this group [87] proposed an intercalated structure of the doped phase. This

conclusion is based on dimensional changes seen during doping. The small angle

reflection varied from 0.775 nm when doped at an AsF
5
vapor pressure of 50 mbar to

0.785 nm at 290 mbar. The reflection at 0.40 nm on the other hand was independent

of dopant pressure. This result indicates the existence of some crystalline plane in

polyacetylene which preferentially experiences expansion.

This type of preferential expansion is common in aromatic charge transfer

complexes. One classic example is the tetrathiofulvalinium (TTF)-

tetracyanoquinodimethanide (TCNQ) charge transfer complex [88] (see Figure 2.5). In

these structures stacks of TTF reside adjacent to TCNQ stacks. The planar molecules

stack one upon the other with separation distances of 0.347 and 0.317 nm for TTF

and TCNQ stacks respectively. The fused aromatic molecules naphthalene [89] and

fluoranthene [90] as well as the linear molecule quaterphenyl [91] also form stacked

charge transfer complexes when electrochemically doped with group V hexafluorides.

The intermolecular separation distance in all of these complexes range from 0.321 to
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0.340 nm. Thus, an intermodular packing distance of M 0.33 nm is characteristic of

these aromatic stacked structures.

Similar structural studies have also been conducted with alkali metal doped PA

[92,93] and with both donor and acceptor doped poly(p-phenylene) [91,94-97].

2.7 Dopant Distribution in Bulk Films

A rather limited number of studies have been conducted on the penetration of

dopant into bulk films. Direct observation of dopant concentration profiles in doped

polyacetylene has been performed using EDAX [98] and Castaing microprobe analysis

[99,100]. These studies have shown the penetration to be characteristic of diffusion

accompanied by chemical fixation. It is important to note two major drawbacks of

these techniques. First, the samples must be extensively handled prior to testing.

Typically they are embedded in a rigid matrix such as epoxy and then cross-

sectioned. Although necessary, this sample preparation technique probably results in

degradation of these reactive, air-sensitive samples. Second, the spatial resolution of

these analytical techniques is limited to approximately 5 pm (see for example ref.

[101]).

The diffusion of AsF
g

in PA film has been studied by weight-uptake

measurements [102]. This study found the As weight-uptake curve to be sigmoidal

when plotted against (time) 1/2
. Thus, an induction period followed by a Fickian

diffusion regime and eventually saturation was inferred. However, as has been noted

in connection to small molecule diffusion in glassy polymers direct observation of the

concentration profiles are required for accurate determination of the diffusion

character [103].
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Table 2.1

Poly(/7-phenylene vinylene), derivati

Polymer

Poly(/?-phenylene vinylene)

ves, and typical electrical conductivites

Dopant g [Q cm) Reference

+-

Poly(2,5-dimethyI-p-phenylene vinylene)

AsF
5

AsFc

t
H

2
S0

4
H

2
S0

4

AsF.

CH
I:

so.
3 '

~-3

Poly(2-bromo-5-methyl-p-phenyliene vinylene)

Br

AsF,

Poly(2,5-dimethoxy-/7-phenylene vinylene)

och
3 y

AsF
s

AsF,

I
2

*2

*2

H
2
S0

4
S0

3

Poly(2,5-diethoxy-p-phenylene vinylene)

C
2
H

5 AsF,

asf;

h
so„

2.78xl03

2.50xl03

<1.00xl0" 5

1.20xl0" 2

1.25xl0 2

2.70X10 1

4.20xl0 2

3.00xl0~ 7

2.10xl0' 4

4.00xl0" 7

l.OOxlO" 4

5.00xl0" 6

6.80X10 1

1.80x10°

5.10X10 1

2.03xl0 2

5.00X10 1

4.11xl0 2

1.59xl0 2

8.80x10"

1.40X10
1

2.57xl0
2

4.30X10
1

[30]

[32]

[36]

[30]

[32]

[37]

[30]

[34]

[37]

[38]

[37]

[34]

[37]

[38]

[36]

[37]

[40]

[37]

[37]

OC
2
H

5

[34]

[37]

[37]

[37]

(continued on next page)

21



Table 2.1

(cont.)

Polymer
Bonant oifLcmr 1

Reference

Poly(2,5-dihexyloxy-p-phenylene vinylene)

Poly(l,4-Naphthalene vinylene)

2.00xl0 2

[39]

OC
6
H

13

AsF, 3.20xl0"2

1.60xl0" 5
[34]

[35]
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(001)
33 (3)

Aqq(2)

(100)

Figure 2.2 Schematic representation of the fluctuation tensor of
paracrystalline PPV. The axial components are shown
(A

3 (1) > 0.16 nm, A
33(2)

< 0.04 nm, A
33(3)

< 0.024 nm)
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NaBH
4/Co(N03yEtOH

HCHCH (g)

-78°C
|-HC=CHj-

Figure 2.4 Three synthetic routes to polyacetyiene: a) Luttineers
catalyst; b) Ziegler-Natta; c) olefin metathesis
"Durham route".
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Tetrathiofulvalinium (TTF)

c/a
Tetracyanoquinodimethanide (TCNQ)

Naphthalene

Fluoranthene

Quaterphenyl

Figure 2.5 Chemical structures of Molecules forming charge
transfer complexes.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

The use of experimental techniques in this study for the preparation and

characterization of electrically conducting PPV has been extensive. The first section

of this chapter focuses on the material aspects including PPV synthesis, processing,

and doping. The second section describes the characterization techniques employed.

3.1 Preparation of PPV Films

3.1.1 Chemical Synthesis

High molecular weight PPV was first synthesized via a water soluble precursor

polymer by Wessling and Zimmerman [26]. This approach was followed by Gagnon

[32] and Karasz et al [28] to produce highly oriented PPV films. Subsequently, a

scaled-up version of the synthesis and orientation process was developed by Machado

[49]. This precursor route has also been employed in this study.

3.1.1.1 Sulfonium Salt Monomer

The synthesis of the monomer for the precursor polymer is shown in Figure

3.1. The starting material a,a'-dichloro-p-xylene (500g) was added to methanol (1L)

in a 5L flask. A 40% molar excess of tetrahydrothiophene (600 ml) was then added.

The stirred mixture was blanketed with argon, heated to 50°C, and allowed to react

overnight. The soluble 6/s-sulfonium salt was then precipitated by addition of the

mixed non-solvent diethyl-ether/acetone (3L/1L). The precipitate was washed with

cold ether and dried under vacuum at 50°C overnight. This synthesis typically gave

yields of 75%.

It should be mentioned that the monomer synthesis initially employed

dimethyl-sulfide, a linear molecule. For this study the synthesis was modified to
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improve the polymerization step by avoiding side reactions. Thus, a cyclic su.fide,

te.rahydrothiophene, was used in the synthesis of the monomer as described by Lenz
et al [104].

3.1.1.2 Sulfonium Salt Precursor

The details of the polymerization mechanism of the sulfonium salt precursor

polymer have been recently published by Lahti et al [6]. The precursor polymer

synthesis is shown in Figure 3.2. Dry ^-(p-xylene tetrahydrothiophenium chloride)

(780g) was dissolved in 2.30L of distilled water. The solution was filtered to remove

any insoluble impurities. This solution was then diluted with 4.0L of distilled water

to make a 0.7 IN monomer solution in a 22L flask. Argon was bubbled through the

solution for
1 hour to remove dissolved oxygen. Once degassing was complete 4.0L

of 0.55N NaOH (aq) was added to the stirred monomer solution. In principle

equimolar base and monomer solutions are required. However, to avoid deleterious

side reactions slightly less base was used. An immediate viscosity increase was

apparent. After 5 minutes the reaction was terminated by addition of 4.0L of 0.4N

HC1 (aq). The solution was then diluted with distilled water to 18L total volume and

stored under refrigeration.

The side product of the reaction, NaCl, was removed by either one of two

procedures. In the first procedure polymer solution was dialyzed against distilled,

deionized water for 24 hours. Spectro-por dialysis tubes with 3500 MW cutoff were

used. In the second procedure the precursor polymer was precipitated by introducing

the solution to an excess of cold isopropanol. The precipitated polymer was collected

and washed with an isopropanol/water (3:1) solution. The salt-free polymer was then

washed using anhydrous ethyl-ether and freeze dried (-20°C) overnight. A precursor

polymer solution was made by redissolving the dried precursor polymer in distilled

water.
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The molecular weights of the precursor polymers were measured using GPC
according ,o a protocol developed by Machado e, al [105]. The solubility character of

the precursor polymer was modified through an ion-exchange process. When the

chloride ion of the precursor polymer was exchanged for tetrafluoroborate the

precursor became soluble in DMF. The molecular weights of the tetrafluoroborate

precursor polymers were measured relative to polystyrene standards. The average

results for three separately synthesized samples were: M = 5.51 x 10
s

- M = I u v

10
6

;
M

z = 1.90 x 10
6

. The GPC characterization agrees well with earlier absolute

molecular weight determinations by ultracentrifugation-low angle laser light scattering

[32] (M
n = 5.0 x 10

5

,
M
w = 9.9 x 10

5
). Thus, the synthetic route reproducibly yielded

high molecular weight polymer.

3.1.2 Casting of Precursor Polymer Films

Films of the precursor polymer were cast by either one of two techniques.

When isotropic films were desired a simple vacuum casting technique was employed.

Prior to casting the glass casting dish (250 ml) was treated to prevent adhesion at the

glass-film interface. The dish was first cleaned by immersion in a concentrated base

bath (KOH/isopropanol). After rinsing with distilled water and oven drying the glass

was rinsed twice with 10-15 ml of dichloro-dimethyl-silane. By this procedure a

non-adhesive organic layer was formed on the glass surface. To remove residual

silane the glass was then sequentially rinsed with THF, acetone, and distilled water.

The casting dish was filled with 100-200 ml of approximately 0.2 wt% precursor

polymer solution and placed in a vacuum desiccator. A vacuum was pulled until a

free standing film was formed.

A second casting technique was used when the films were to be stretch-

oriented. A concentrated precursor polymer solution («5wt%) was prepared from

precipitated polymer. The solution was spread on a clean poly(methyl methacrylate)
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(Plexiglas) surface. Dry nitrogen was blown over the film for approximately 24

hours. After this time a free standing film was obtained. The color of the as-cast

films ranged from clear to slightly yellow.

3.1.3 Stretch-Orientation of Precursor Films

The stretch-orientation of precursor films was performed on an apparatus

developed by Machado et al [56]. In this procedure strips of the precursor film were

drawn while passing over a heated roll. Temperatures between 120-160'C were

employed and film draw ratios (L/L
q
where L = drawn length and L

q
= original

length) up to 12 were achieved. The elevated temperature of the heated roll caused a

partial chemical conversion of the precursor to PPV. The details of this conversion

will be discussed subsequently. It is the simultaneous conversion and stretching

which yields high degrees of molecular orientation in PPV films.

3.1.4 Conversion from Precursor Polymer to PPV

The conversion from precursor polymer to PPV was accomplished by heating

the films in an inert environment. Figure 3.3 illustrates the chemical conversion

occurring upon annealing. Isotropic films were sandwiched between teflon sheets and

heated in vaccum to 225-275°C for 4 hours. The stretch-oriented films were

annealed in a nitrogen purged oven at 250°C for 2 hours. These oriented films were

held at constant length during the annealing process. The degree of conversion was

routinely checked by elemental analysis. Samples prepared by this route typically had

oxygen levels less than 1 .0 wt% and chlorine and sulfur levels less than 0.5 wt%

indicating essentially complete conversion. Fully converted films had a yellow color

and were transparent if sufficiently thin.
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3.1.5 Doping Techniques

The doping of PPV was accomplished by chemical or electrochemical

oxidation. In the case of chemical oxidation PPV films were treated with strong

Lewis or protonic acids. For electrochemical oxidation the polymer was oxidized at

the anode of a standard electrochemical cell in the presence of a suitable electrolyte.

Thus, all of these techniques resulted in the abstraction of electrons from the polymer

yielding p-type doped polymer. Because each dopant required special handling

techniques they will be considered separately.

3.1.5.1 Arsenic Pentafluoride Doping

The AsF
5
doping was performed using a vacuum line equipped with

mechanical and Hg diffusion pumps and liquid nitrogen cooled traps. Figure 3.4

schematically shows the vacuum line arrangement. The line itself was constructed

from glass and all teflon stopcocks were used. This apparatus could routinely achieve

a pressure lower than 10" 4 mmHg.

The AsF
6
was obtained from the Ozark-Mahoning Co. Table 3.1 lists some

physical properties of AsF
g

. Because this dopant is a gas above -53°C it was stored

in a spherical gas storage bulb equipped with a cold finger. (Extreme caution must

be exercised during any procedure which involves AsF
5

as it is highly toxic and

reactive.) The AsF
5
was purified by three sequential freeze-pump-thaw cycles.

After purification the cold finger of the gas storage bulb was immersed in a methanol

bath. The cold bath was maintained at a constant temperature using a Neslab CC-100

cryogenic refrigerator. The vapor pressure of the dopant was controlled by

employing vapor-liquid equilibrium. The pressure of the AsF, vapor in equilibrium
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with the liquid was calculated using a C.apeyron-type equation [106) of the form

Iog
10
P.A + B/T

(3 j,

where the va.ues of A and B are 7.8449 and 1093.0 respectively. T is the abso.ute

temperature and the units of pressure are mmHg. Equation ,3.1) was experimentally

confirmed to be accurate within 3 mmHg at -70X. Similarly, solid-vapor

equilibrium was employed below -80'C and vapor pressures predicted from the same

type of equation [106].

Samples to be doped were held in glass vessels (see Figure 3.4). These vessels

were evacuated to < 10" 4 mmHg before doping. Doping was then performed by

backfilling the vessel with AsF
5
vapor at the appropriate vapor pressure. The doping

level was controlled by the AsF
5
-PPV contact time. Doping was terminated by

cryopumping all dopant vapor from the doping vessel. The sample was then pumped

at 10- 4 mmHg for at least 24 hours to remove residual dopant. The doped samples

had a dark golden color and a highly reflective surface.

3.1.5.2 Phosphorus Pentafluoride Doping

Phosphorus pentafluoride was obtained from the Ozark-Mahoning Co. Prior

to use it was transferred to a gas storage bulb and purified by three sequential

freeze-pump-thaw cycles. Doping with PF
5
was conducted with the dopant at room

temperature and completely in the gas phase. The vapor pressure was determined by

the amount of gas charged to the storage bulb. The dopant vapor pressure was

measured using a Hg manometer. Doping was performed by backfilling evacuated

sample vessels. After termination of doping residual dopant was removed by

pumping for at least 24 hours.

3.1.5.3 Antimony Pentafluoride Doping

Vacuum line techniques similar to those used in AsF
5
doping were employed

in SbF
5
doping. In this case, the dopant is a liquid at room temperature. Antimony
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pentafluoride was obtained from the Aldrich Chemical Co. The SbF
5
was degassed

prior to use. Figure 3.5 shows the storage and doping arrangement. The SbF
5
liquid

was stored in a narrow bore glass side-arm fated with a teflon stopcock. The side-

arm was attached to a glass doping vessel fitted with the appropriate connector prior

to doping. As with AsF
5 ,

doping was accomplished by backfilling the evacuated

sample vessel. All SbF
5
doping was performed at room temperature. Thus, an SbF

5

vapor pressure of approximately 4 mmHg was used for all dopings [106]. The doping

level was controlled using the dopant-polymer contact time. After doping the

samples were evacuated for at least 24 hours to remove residual dopant. The fully

doped films were nearly black in color.

3.1.5.4 Iodine Doping

Fully converted samples held in evacuated glass vessels were exposed to iodine

vapor at room temperature and at temperatures as high as 150°C. In no case was I
2

observed to dope PPV.

3.1.5.5 Protonic Acid Doping

Doping by sulfuric acid was performed by immersing PPV films in 98%

aqueous H
2
S0

4
for 4 hours. The films was then quickly rinsed in dry acetonitrile to

remove excess acid. Subsequently, the films were quickly placed in vessels for

evacuation. The films were pumped for 24 hours to remove acetonitrile. The doped

samples possessed a dark green-gold color. Other protonic acids such as HC1, HC10
4 ,

HN0
3 , 70% HF(aq), 70% HF(pyridine), methane sulfonic acid, and toluene sulfonic

acid were also tried. None of these, however, yielded conductive films.

3.1.5.6 Electrochemical Doping

The samples used for electrochemical doping were prepared by blending PPV

precursor with poly(ethylene oxide). Conversion to PPV was performed by heating in
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vacuum to 225X for 4 hours. The blend was determined by elemental analysis to

contain 60 wt% PPV. At this composition small crystallites of PEO are interspersed

in a continuous PPV matrix [43]. It has been previously noted that for the blend

compositions used here PEO is nearly completely extracted from the films during

doping [41]. As such, PEO only serves to expedite the doping process and does not

complicate subsequent analyses.

Electrochemical oxidation of PPV films was done in an electrolytic solution of

1M LiC10
4

in propylene carbonate. A potential of 4.1V (referenced to Li) was used.

3.2 Characterization Techniques

3.2.1 Electrical Conductivity, Dopant Uptake and Density

During PF
5 ,
AsF

& , and SbF
5
dopings the electrical conductivity of the bulk

films was measured using an apparatus previously described in detail [32]. PPV films

were attached to platinum wires using a carbon-based conductive adhesive

(Electrodag 502, Acheson Chem.) The electrical resistance of the bulk films was

monitored as a function of doping time using the standard four-terminal geometry

(see Figure 3.6). In this way the effect of contact resistance is minimized. The

resistance was measured using a Keithly 197 autoranging multimeter. With the

resistance (R) the electrical conductivity was calculated according to

o = (l/RXL/A) (3.2)

where L and A are the length between voltage measuring leads and the film cross-

sectional area. It is important to note that the above calculation gives only a bulk

conductivity of the sample. The true or intrinsic conductivity of the film can only be

determined if the entire cross-sectional area is homogeneously doped. This point will

be discussed further with regard to the experimental results.

The electrical conductivity of PPV films doped by other methods was

measured after doping was completed. The films were transferred into an argon
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were

was

filled Vacuum Atmospheres dry bo*. Using the four-termina. geometry previously

discussed the resistance of these films was measured. The conductivity was calculated

according to eqn(3.2).

The dopant uptake was determined gravimetrically. The sample masses

measured before and after doping on a Cahn 31 microbalance. The balance

located in the dry box so that the samples were exposed only to an inert atmosphere

during handling and weighing.

Simultaneous conductivity and weight gain measurements were taken using a

doping vessel equipped with a calibrated quartz spring. With this apparatus the mass

sensitivity was 0.01 mg. Sample masses were on the order of 1 mg. Thus, the

smallest measurable weight gain was approximately 1% of the original mass. To

obtain meaningful measurements a dope-and-pump protocol was adopted. In this

way any volatile side products were removed prior to each weight measurement.

The density of the pristine film was measured in a density gradient column.

An aqueous solution of KBr was used to prepare a gradient column in the range of

1.20 to 1.30 g/cm3
according to the standard procedure [107]. The column was

calibrated using glass bead standards. The column was maintained at a constant

temperature of 22°C using a temperature controlled water bath. To measure the film

density a film was carefully immersed in the solution at the top of the column. The

film was allowed to settle overnight. Its position was noted and its density

determined by comparison to the linear calibration curve.

The density of the doped films was determined by flotation. Chloroform (/> =

1.48 g/cms
), carbon tetrachloride (p = 1.58 g/cm3

), and bromoform (p = 2.89 g/cm3
)

were used to prepare mixed solvents having densities from 1.4 to over 2.0 g/cm3
.

Small pieces of the doped films were immersed in the solvents and it was noted

whether the films sank or floated. By employing numerous mixed solvents the

density of a doped film could be estimated to within +0.05 g/cm . Using this
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experimental approach the film densities couid he rapidiy determined with minima,

exposure to reactive environments.

3.2.2 Wide Angle X-Ray Diffraction

X-ray diffraction was used to characterize the crystal structure of the pristine

and doped PPV films. Two experimental systems were used and will be discussed

separately. While the fundamentals of x-ray scattering are the same for both

instruments the operational details and the information obtained from each differ.

3.2.2.1 Statton Camera

Flat-film diffraction patterns were obtained on an evacuable Statton camera.

Collimated, nickel filtered CuK
a radiation (X = 0.15412 nm) was used. The samples

were in film form and were held flush against the collimator so that the incident

beam was perpendicular to the sample surface. The camera length could be varied by

placing the film cassette in one of four fixed stages. The sample-to-film distance

was calibrated using NaF. Kodak DEF x-ray film was used and the latent images

were developed according to the manufacturer's instructions.

Diffraction patterns thus obtained were used to measure the crystallographic

d-spacings of the samples. The x and y displacements from the negative center was

measured for each reflection. Figure 3.7 shows the experimental geometry. The d-

spacing was then calculated from

d = A/v/FT~cp (3.3)

where

f = y/vl2
+ x

2
+ y

2
(3.4)

e = A - r
5

- 2l/i - f/y/iJT? (3.5)

In the above equations f and f are the coordinates of a reciprocal lattice point on the

surface of the Ewald sphere [108]. Equations (3.4) and (3.5) take into account the
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distortion ocourring when the spherica, surface of the Ewald sphere is projected onto

a flat photographic film.

3.2.2.2 Nicolet Diffractometer

A Nicolet diffractometer equipped with a two-circle camera and a two-

dimensional integrating proportional counter was also used to obtain Effraction

patterns from pristine films. X-rays were generated in a sealed tube with a copper

target. Monochromatic CuK
ft

x-rays were obtained by diffraction from a graphite

crystal. The correction of detector curvature and the calculation of the scattering

angles were performed on the instrument computer. The two-circle camera allowed

precise rotations of uniaxially oriented samples. This feature permitted the

measurement of diffracted intensity as a function of rotation angle. From this

information the degree of preferred planar orientation could be evaluated.

3.2.3 Scanning Electron Microscopy

A JEOL 35 CF scanning electron microscope was used to obtain SEM images

of PPV film surfaces and fibrillated PPV. The samples were gold-coated before

imaging. The microscope was operated at 20 kV and secondary electron images were

collected on Polaroid 55 P/N film.

3.2.4 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a versatile tool for high

magnification investigations of materials. In this study two different contrast

mechanisms were employed in the imaging of PPV. First, dark field diffraction

contrast TEM was used to investigate the crystal morphology of pristine and doped

films. Second, high resolution phase contrast TEM (HREM) was used to directly

image the molecular packing in PPV crystallites. Each of the techniques will be

discussed in turn.
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3.2.4.1 Dark Field TEM

Samples were prepared by mechanically fibrillating PPV films. The thin

fibri.lated samp.es of both pristine and e.ectrically conducting PPV were imaged.

The samples were doped with AsF
5
and H.SO, doping according to the methods

previously discussed. The samples were then sandwiched between two copper grids.

In the case of doped samples all handling was performed in an argon filled dry box

prior to imaging. The doped samples were exposed to air for less than 5 seconds

while being transferred to the microscope.

Dark field TEM images were obtained on a JEOL 100CX operated at 100 kV.

The diffracted beam was passed to the image plane through a 20 m objective

aperture limiting the diffracted beam to a full angular breadth of 4 mrad. Unless

otherwise noted the objective aperture was centered on the optic axis.

A total end point dose of 0.13 C/cm 2
was measured for

g{nQ/m 0 f PPV with

100 kV electrons. The imaging beam flux was determined by measuring the area of

illumination and the screen current taking into account the screen efficiency (60%).

Using the objective aperture to isolate the g
(110/200)

diffracted beams the screen

current was measured as a function of time. Figure 3.8 shows the screen current

decay as a function of time for the PPV g (no/200) combined reflection. The total end

point dose was determined by the time at which the screen current had decayed to a

steady value. The typical imaging dose was less than 0.01 C/cm 2
. This ensured that

multiple exposures of the same sample region could be taken without significant beam

damage.

Images were collected on Kodak SO- 163 electron microscope film. To achieve

the low doses discussed above low electron fluxes and short exposure times were used.

This necessitated latent image development using full strength Kodak D-I9 developer

with 10 minute immersion times.
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Tilting experiments were performed according to the procedure of White and

Thomas [109]. Using this technique displaced aperture dark field images were taken

before and after tilting of the main beam. The tilt angle was determined from

knowledge of the camera length and the relative displacement of the corresponding

diffraction patterns. This allowed tilt angles as small as 0.2°.

3.2.4.2 High Resolution TEM

Sufficiently thin (<20.0 nm) PPV samples were obtained using a detachment

replication technique. Oriented bulk films (« 10 m in thickness) were placed on the

surface of a 10% nitrocellulose/amyl acetate solution (Collodion) and the solution was

allowed to dry overnight. When the substrate had dried the PPV films were peeled

from the surface. Small microfibrils were left embedded in the surface. Regions of

interest were cut away and placed on holey carbon grids. The grids were suspended

at the surface of fresh amyl acetate and the nitrocellulose was dissolved leaving

behind the thin PPV microfibrils. The grids were then allowed to air dry before

imaging.

The high resolution images were obtained on a JEOL 2000FX operated at 200

kV. The approximate Scherzer defocus was used with a magnification of 130,000x.

No objective aperture was used. The fundamentals of high resolution imaging have

been thoroughly discussed by Spence [110].

High resolution images were collected on Kodak SO- 163 electron microscope

film. The latent images were processed in regular strength Kodak D-19 developer for

4 minutes. Optical diffraction patterns were taken from the negatives using a He-Ne

laser. The spacings in the optical diffraction patterns were calibrated by comparison

to a graphite standard.
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3.2.5 Rutherford Backscattering Spectrometry

Rutherford backscattering spectrometry (RBS) was used in this study to

investigate the penetration of AsF
5

in bulk PPV films. The utility of RBS as an

analytical tool derives from its sensitivity to sample nuclei mass and nuclei depth.

Furthermore, samples do not require handling and sectioning as do samples for

microprobe analysis. A short review of backscattering physics will be presented.

This will be followed by a description of the experimental details.

3.2.5.1 Backscattering Physics

In the technique of RBS materials are probed by accelerated a-particle

(

4He++
) beams. These high energy particles collide with sample nuclei and electrons

and are scattered at all angles. As is clear from the name backscattering spectrometry

measures the energy of particles in the back-reflected direction. Figure 3.9 illustrates

the experimental geometry involved in RBS. Provided that the incident particle

energy is much greater than the chemical bond energy but not so high that nuclear

reactions occur (10eV« E
q
< 3MeV) the collisions will be elastic. Thus, for an

incident a-particle with energy E
q

its backscattered energy, E, will be given by

E = KE
o (3.6)

where K is the kinematic factor. This factor depends upon the masses of the two

particles involved in the collision. With backscattering geometry (ie., 0 = 180°) the

kinematic factor is expressed as

K = (M - m)2
/ (M + m)2

(3.7)

where M is the sample nuclear mass and m is the incident particle mass (ie., m = 4

for
4
He). The kinematic factors of carbon, oxygen, fluorine, and arsenic are 0.250,

0.360, 0.425, and 0.808 respectively. Therefore, given an incident energy of 2.14

MeV the backscattered energies from C, O, F, and As nuclei on the sample surface
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wHI be 535, 770, 9,0, and ,730 keV respective,,. These energies w,„ be hereafter

referred to as surface energies for these specific elements.

Equation (3.6) win on.y app.y if n0 energy loss mechanisms m ^
backscattering from the film surface). ,„ the case of o-particles backscattered from

below the film surface the particle loses energy due to Coulombic interactions with

electrons and small angle scattering by sample nuclei therefore the backscattered

energy becomes

E = KEo " [S]x
(3.8)

where [S] is the energy loss factor and x is the depth below the film surface of the

scattering nucleus. Thus, the energy spectrum will allow elemental depth profiling.

The energy loss factor for pristine PPV (C
8
H

6 ) is calculated as 313 eV/nm for

particles backscattered from carbon nuclei using a mass density of 1.22 g/cm3
and

tabulated elemental stopping cross-sections of carbon and hydrogen and the surface

energy approximation [111]. Because of the relatively high atomic number of the

dopant atoms the doped films are expected to have a somewhat higher energy loss

factor.

The yield, Y
q ,

of an RBS signal depends upon both experimental and material

factors according to

Y
o

. = b.nQm.e/[£
o
].cose

i (3.9)

Here, b. is the scattering cross-section of nucleus i, m. is the stoichiometric amount

of i in the material layer being probed, and [ej. is the stopping cross-section factor

for nucleus i. The remaining factors are associated with the experimental setup and

are Q, the solid angle of the detector, Q, the number of incident a-particles, £, the

energy per channel of the multichannel analyzer, and 0r the angle between the

sample surface normal and the direction of incidence. Note that eqn(3.9) is written

for backscattering from surface nuclei but is illustrative in general of the factors
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affecting RBS yield. In this study we report normalized yield values given as

Y
i " VtfXJtfl/cwep] (3.10)

which are only material dependent. It is important to note that the scattering cross-

section is proportional to the square of the atomic number of the target nuclei [111],

b « Z2
.

Thus, the yield increases as Z2
for multielemental samples. Further, in

multielemental samples of finite thickness the yield equation can be written for each

channel of the multichannel analyzer. The sum of all such yields for a particular

nucleus gives its total amount in the sample. In practice this is accomplished by

measuring the peak area for the element of interest.

For a more thorough discussion of backscattering physics the reader is

referred to an excellent discussion by Chu et al [111]. Analysis of the RBS spectra in

this study was performed using the RUMP simulation program developed by L.R.

Doolittle [112].

3.2.5.2 Experimental Details

Rutherford backscattering spectrometry was performed at the Ion Beam

Facility of the Materials Science and Engineering Department, Cornell University.

An a-particle beam (

4He++ ) was accelerated to 2.14 MeV using a tandem electrostatic

accelerator (General Ionex). The samples were mounted on the holder under a

nitrogen atmosphere and were transferred to the instrument using a valved load-lock.

Backscattered particles were detected at an angle of 173°. The beam current was

approximately 15 nA. Spectra were collected at room temperature for an integrated

charge of 5/zC over an approximate spot size of 1 mm 2
. Because the spot size is

much larger than the PPV crystallite size (ie., 5.0 nm) the results thus obtained

represent the average diffusion character over a statistical collection of crystallites

and disordered grain boundaries. The multichannel analyzer channel width was
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approximately 18 keV. Thus, an estimated spatial resolution of 60 nm exists in

samples having energy loss factors of 300 eV/nm .

The occurrence of beam damage in doped films was assessed by sequentially

collecting spectra at 0.5 & intervals from a single spot. Both the carbon and arsenic

normalized yields were constant with increasing charge up to 15 MC indicating beam

stability of these elements. In lightly doped samples the oxygen and fluorine yields

showed signs of beam induced degradation up to 5 MC after which the yields became

stable. This partial degradation occurred at both room temperature and at liquid

nitrogen temperatures (-196X). While the O and F species showed beam induced

degradation the C/As ratio and As profile shapes will be unchanged. The surface of

the films were also inspected for a-particle induced ablation using scanning electron

microscopy. While some cracking was apparent no serious ablation was observed.

The RBS spectra were found to be reproducible within a single sample. Spectra

obtained from several spots along the length of a sample showed only a few percent

variation in the yields for all elements.

3.2.6 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed on lightly doped PPV

films. This technique is a highly surface selective one due to the shallow escape

depths of x-ray stimulated photoelectrons. As such it can be used to monitor the

doping process on PPV surfaces.

3.2.6.1 Fundamentals of XPS

The process of photoelectron ejection is illustrated in Figure 3.10. The sample

surface is flooded by photons of energy hu. If sufficiently energetic these photons

will eject an electron from the sample. A simple energy balance can be performed on
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this process as follows [1 13j.

hi/-E
b + KE +

<f> (3il2)

Here, E, is the binding energy of the ejected electron, KE is the kinetic energy of

the ejected electron, and 0 is the spectrometer work function, an instrumental

parameter. In practice the kinetic energies of the photoelectrons are detected. With

knowledge of the incident photon energy and <j> the binding energies of the

photoelectrons are then determined. These energies are characteristic of the atom in

which they were bound. Further, the electron binding energy is sensitive, to some

degree, to the chemical bonding experienced by the atom. Thus, the binding energy

possesses chemical shift information. In this way XPS can be used as an analytical

tool to evaluate the chemistry of surfaces.

The estimated sample depth which XPS probes is dependent upon the incident

photon energy and the take-off angle at which photoelectrons are detected. Given

the mean free path of the electron this depth can be related to take-off angle through

a simple geometric analysis.

d = 2A(E)sin0 (3.13)

In eqn(3.13) d is the sampling depth, A(E) is the mean free path of an electron with

energy E in the sample material and 0 is the take-off angle. The photon energy

employed in this study was 1250 eV (MgK a x-rays), the spectrometer work function

was approximately 4 eV, and the binding energy of C, electrons is typically 284.6

eV. Thus, the kinetic energy of C. photoelectrons is on the order of 1000 eV. For
1 8

this energy Powell [114] gives an electron mean free path of 1.5 nm in carbon

samples. An escape depth of 2.7 nm is thus calculated for a take-off angle of 65°.

3.2.6.2 Experimental Details

X-ray photoelectron spectra were taken of the films using a Perkin-EImer

Physical Electronics PHI 5100 ESCA system equipped with a hemispherical analyzer.
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MgK
a radiation was used at 300 W. A take-off angle of 65° was used (grazing

incidence « 0°). Charging in all spectra was corrected by shifting the major C
Is

photoelectron to a binding energy of 284.6 eV. To avoid contamination and

atmospheric degradation the samples were mounted and transferred under an argon

atmosphere. Survey spectra were taken using a pass energy of 179 eV. Elemental

compositions were determined from multiplex scans using a pass energy of 72 eV and

atomic sensitivity factors determined by comparison to standard polymer films.

Software curve-fitting was performed on high resolution spectra obtained

using an 18 eV pass energy. The components making up the complex peaks were

constrained to have a Gaussian profile and a full width at half maximum of 1.7 ±0.2

eV. The binding energies were essentially unconstrained.

3.2.7 Attenuated Total Reflectance FTIR Spectroscopy

FTIR spectra of film surfaces were obtained on an IBM 32 using attenuated

total reflectance (ATR). Germanium and KRS-5 crystals with incident angles of 45°

were used. The penetration depth, or distance in which the evanescent wave

amplitude falls to 1/e, depends upon the incident wavelength and the refractive index

ratio of the crystal and sample and is expressed

d
p

(Vnj)/[2if<iin?e - (n
2/ni )

2
)

1/2
] (3.1 1)

where 0 is the incident angle and n
1
and n

2
are the refractive indices of the crystal

and sample respectively [115]. At an incident angle of 45° the effective sample

thickness is close to the penetration depth [115]. The refractive index of PPV has

been measured to be nppy - 1.6 [65]. Using eqn(3.11) the penetration depth for both

crystals was calculated as a function of wavelength. Figure 3.11 shows the results of

this calculation for the wavelength region of interest. As this figure shows, the

penetration depth varies considerably with wavelength. Thus, the penetration depth

with the Ge crystal (n
Ge

= 4 [115]) was calculated to be 0.230 ftm and 1.100 //m at
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3000 cor' and 600 cm" 1

wavenumbers respectively. Because the KRS-5 crystal

(n
KRS-5 " 2A [^5]) more nearly matches the refractive index of PPV deeper

penetrations were achieved with this crystal. The penetration depths were 0.940 Mm
and 4.70 ^m at 3000 cm" 1

and 600 cm" 1
wavenumbers respectively with the KRS-5

crystal. The samples were mounted and spectra collected under a nitrogen

atmosphere.

3.2.8 Mass Spectrometry

Gas chromatography-mass spectrometry was performed on a Ruska

Laboratories Pyran System thermal chromatograph. A Finnigan mass spectrometer

was interfaced with the gas chromatograph. The sample masses were less than 1 mg.

The pyrolysis was conducted by heating the sample in helium from room temperature

to 600°C at 30'C/min. A helium flow rate of 40 ml/min was used. The degradation

products were trapped at the column entrance which was initially held at -35°C. The

gas chromatogram and mass spectrum of the degradation products were

simultaneously taken as the column was heated from -35°C to 315°C at 10°C/min.

Analysis of the mass spectra was assisted by reference to the instrument supplied data

base (NBS).
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Table 3.1

Melting and boiling points of Lewis acid dopants
and related compounds (see ref. [106]).

Compound mp ro BP CO
HF

19.5

1 -93.8
-84.6

-151.5 -101.2

AsFR -79.8 -53.2

AsF
3 -6.0 *

57.1

SbF c 8.3 141.0

SbF
3 292.0 319.0

measured at 742.5 mmHg
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Doping Vessel

Sample

Cold Bath

Figure 3.4 Vacuum line and arsenic pentafluoride doping apparatus
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Figure 3.5 Antimony pentafluoride doping apparatus.
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wavenumber (cm-1)

Figure 3.1
1

Evanescent wave penetration depths calculated for PPVagainst germanium and KRS-5 crystals.
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CHAPTER 4

ELECTRICAL CONDUCTIVITY AND CHEMISTRY OF DOPED FILMS

Interest in PPV has stemmed from its electrical properties. Also,

understanding of the doping process from a chemical point of view will be essential

in structural considerations. Therefore, before proceding to the discussion of the

structural features, experiments addressing the conductivity behavior and chemistry of

doped PPV films will be presented.

4.1 Electrical Conductivity

In its undoped form PPV is an electrical insulator having a conductivity less

than 10' 1
(Q cm)" 1

. Figure 4.1 shows the conductivity response to doping time with

group V pentafluorides. Both AsF
5
and SbF

5
cause rapid conductivity increases

during the initial dopant-PPV contact. The conductivity response is fastest and the

limiting value highest with SbF
5
and high pressure AsF

5
(340 mmHg) doping. Both

of these dopants yield limiting conductivities greater than 10
3

(f) cm)"
1

. It is

important to note that the vapor pressure of SbF
5

is only 4 mmHg in this experiment.

In this regard SbF
&

is a most effective dopant. Lower AsF
5
vapor pressures (55

mmHg) show similar rapid initial conductivity increases. However, the limiting

conductivity is a least one order of magnitude less than that for SbF
&
doping. Thus,

the vapor pressure has a significant effect upon the resulting conductivity.

Phosphorus pentafluoride shows a much lessened propensity for PPV doping. The

initial response is slow and very long doping times («300 hours) are required to reach

limiting values. At a PF
5
vapor pressure of 710 mmHg the sample reaches a limiting

conductivity of only 1 (ft cm)"
1

. Thus, the trend in dopant activity is
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SbF
5
>AsF

5
»PF

5 . This is consistent with the oxidizing strengths of these compounds

[116].

As a control experiment the hydrogenated analog of PPV, poly(p-xylylene)

(PPX) (see Figure 4.2), was doped with AsF
5

. The weight-uptake was large (300%)

for a 2 day doping confirming the occurence of reaction between AsF and PPX

However, the conductivity of the initially insulating sample experienced only a small

increase to 2 x 10" 4
(n cm)" 1

This conductivity is attributed to doping created

impurities in the sample and as such is not representative of an intrinsic PPX

conductivity. The lack of doping induced conductivity in this polymer demonstrates

the importance of the 7r-conjugated backbone in PPV.

These conductivities are electronic. No time dependent effects characteristic

of ionic conductivity were observed. Further, AsF
5
-doped samples behave Ohmically,

Figure 4.3 shows the I-V characteristics of a sample doped to a mass-uptake of 220%

and a conductivity of 8820 (n cm)" 1
with AsF

5
. Recall from elementary physics that

the current passing through an Ohmic conductor is related to the voltage by

I = V/R (4.1)

where R is the sample resistance and is constant. In the log-log plot the slope is

nearly unity (ie., 0.994) confirming the linear I-V relation. The last point

corresponds to that taken just before sample breakdown. Using this limiting current

and the sample dimensions a limiting current density of 1390 A/cm2
is calculated.

In the fully doped state the sample masses increased by «200% and «500-

600% for AsF
5
and SbF

5
doping respectively. The high SbF

5
weight-uptakes are

attributed to the polymeric character of this dopant [116]. Presumably, the sample is

being loaded with non-active SbF
g
molecules along with those active ones responsible

for PPV doping. Figure 4.4 shows the dopant uptake plotted against sample

conductivity for an AsF
5
-doped sample. Here, all the weight gain is attributed to

incorporation of AsF
g

" (see section 4.2 for a discussion of doping chemistry).
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Therefore, the variable x plotted in Figure 4.4 is representative of the hypothetical

stoichiometry (C
8
H

6
)(AsF

6 )x . ,n the early stages of doping the conductivity increases

over ,0 orders of magnitude for less than a 1% weight gain. Conductivity increases

are observed up to x = 0.3 corresponding to approximately one dopant anion for

every three PPV repeat units. At higher uptakes the conductivity saturates.

The conductivities of H
2
S0

4
-doped samples reached 2000-4000 (fi cm)' 1

for

2-4 hour dopings. Table 4.1 lists typical limiting conductivities and the

corresponding weight increases measured with the dopants used in this study.

In summary, bulk PPV films can be made highly electrically conductive by

doping. This conductivity is electronic in nature and exhibits Ohmic behavior. The

immediate increase of conductivity upon doping indicates the formation of a

continuous conductive pathway along the entire sample length. These increases occur

at very low dopant concentrations (« 1%). Such rapid increases at low dopant

uptake would not be expected if doping were homogeneous or percolative [117].

Rather, significant uptakes (« 33%) would be required before conductivity increases

occurred. Thus, the results indicate that the doping is heterogeneous with a skin

effect suggested.

4.2 Chemistry of AsF
5
-Doping

Because of the heterogeneous nature of the doping process, bulk analytical

techniques such as elemental analysis are not definitive with regard to doped PPV

stoichiometry. Therefore, this study employed surface sensitive techniques such as

attenuated total reflectance FTIR spectroscopy and x-ray photoelectron spectroscopy

to follow the doping of PPV surfaces. X-ray diffraction and mass spectrometry

results for heavily doped bulk films are also presented.
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4.2.1 Attenuated Total Reflectance FTIR

Infrared spectra of undoped and AsF
5
-doped PPV are shown in Figure 4.5.

The spectrum of undoped PPV (curve a) is dominated by two strong absorptions at

965 and 837 cm"1
.

These bands have been previously assigned [47] and correspond to

the C-H trans vinylene and C-H aromatic out-of-plane bends respectively. After a 1

hour AsF
5
doping at 370 mmHg new absorption bands at 695 cm" 1

and 1142 cm" 1

appear. The observation of the doping induced bands agrees with previous studies of

AsF
6
-doped PPV [59] and electrochemically oxidized PPV using AsF

6
" as the

countenon [1,8]. Furthermore, these new features are due to only shallow dopings as

can be seen by comparison of curves b and c. Curve b shows the ATR-FTIR

spectrum obtained using a KRS-5 crystal. The effective sampling depth with this

crystal is estimated as 4.7 Mm at 600 cm" 1
(see Figure 3.11). In the KRS-5 spectrum

the doping induced bands are not apparent. On the other hand, the Ge crystal which

has a sampling depth of only 1.1 Mm at 600 cm' 1
shows strong bands at both 1142

cm" 1
and 695 cm" 1

for the same sample. These results suggest that 1 hour dopings at

these conditions achieve reaction depths on the order of 1 Mm in PPV films. The

KRS-5 spectrum, after a 5 day doping, is dominated by a broad band near 700 cm" 1

indicating deeper dopant penetrations for long doping times.

The infrared spectra of arsenic fluoride species have been reported in the

literature. The characteristic As-F stretching modes of AsF
5
absorb at 808 cm" 1

and

782 cm -1
[119]. In a variety of hexafluoroarsenate salts (ie., KAsF„, NOAsF

6 6'

N0
2
AsF

6 ,
ONF

2
AsF

6 ,
N

2
F
3
AsF

6
,OH

3
AsF

6 ) the As-F stretching mode absorbs in the

range 692-700 cm' 1
[120,121] with the cation having little effect on the absorption

frequency. Thus, the 695 cm' 1 band appearing in AsF
5
-doped PPV is characteristic

of AsF
6
". Unreacted AsF

g
was not observed in these doped films.

One side reaction possible with this reactive doping system is the fluorination

(or hydrofluorination) of the PPV double bonds. However, the 1142 cm
-1

absorption
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is unattributable to carbon-fluorine bonds formed during the doping reaction. As the

original electronic structure of the polymer is restored by chemical compensation of

AsF
5
-doped PPV [59] or by discharging the electrochemically oxidized PPV [118] the

1142 cm" 1 band disappears. Thus, the 1142 cm" 1
band is attributed to oxidation

induced vibrations of the PPV chain rather than chemical bond formation by side

reactions of AsF c .

Doping induced absorptions in the range of 1800 to 1600 cm" 1
, indicative of

C-0 bond formation, were minimal.

4.2.2 X-Ray Photoelectron Spectroscopy

The survey spectra for pristine PPV is shown in Figure 4.6. As expected, the

pristine spectrum is mainly composed of the Cu photoelectron. However, an O
1

S

photoelectron is also apparent. In fact, oxygen makes up 3.6% of the elemental

surface composition. This corresponds, on average, to one oxygen atom for every

three to four repeat units on the pristine polymer surface. Also, a small amount of

fluorine (<1%) is apparent on the undoped surfaces. This arises from contact of the

PPV film with a poly(tetrafluoro-ethylene) sheet during processing. Because of the

low concentration and the characteristic PTFE binding energy this peak does not

complicate the analysis presented here.

Figure 4.7 shows the survey spectrum for PPV doped with AsF
g
vapor at 380

mmHg for 1 minute. Fluorine and arsenic photoelectrons are prominent. In addition

to the dopant photoelectrons a significantly increased amount of oxygen is observed.

Fluorine and oxygen Auger electrons (FRLL and 0KVV ) are also apparent. Table 4.2

gives the elemental compositions of AsF
5
-doped PPV surfaces for various doping

conditions. These compositions were determined from multiplex spectra of the C
lg ,

F
ls ,

0
ls

, and As
3d

regions as discussed in section 3.2.6.2. As the dopant vapor

pressure is increased from 120 to 370 mmHg corresponding increases are seen in As,
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F, and O for
1 minute dopings. Doping for 5 days at 370 mmHg leads to only small

changes in surface concentrations of As and F. Thus, the doping of the surface layer

( - 3 nm) of PPV is nearly complete after only a 1 minute exposure to AsF
5
vapor at

370 mmHg. At all doping levels the F/As atomic ratio is considerably less than 6/1,

the expected ratio for the AsF_" anion
6

The observed photoelectron binding energies (E
fa
) are listed in Table 4.3. The

As, F, and O binding energies do not significantly vary with doping level. The As
3d'

F
l8 ,

and O
l8

photoelectrons are observed at 46.8 ±0.3 eV, 686.0 ±0.1 eV, and 532.6

±0.2eV respectively. The F
1§

binding energy is close to that measured for the model

compound LiAsF
6 (686.6 eV). On the other hand, the measured As

3d
binding energy

for the doped polymer more closely matches that of AsXL (46.6 eV) The O

binding energy is also close to the measured energy of As
2
0

5
(532.4 eV). However,

O
l8

binding energies for polyvinyl alcohol) and polycarbonate have been reported as

533 and 534 eV respectively [122]. Thus, the 0
la

binding energy does not possess

large enough chemical shifts between organically and inorganically bound oxygen to

allow assignment.

While the As
3d

and 0
lg

photoelectrons appeared as single peaks in the doped

spectra, both the Cu and F
ls
showed a complex peak shape attributable to the

presence of more than one C and F species. Figure 4.8 shows high resolution C
Is

spectra for various doping conditions. At all doping conditions the major C,

photoelectron peak occurs near 285 eV. As the films are doped a high E
b
shoulder

on the C
lg

peak becomes apparent. At the heaviest doping condition this shoulder is

clearly a separate photoelectron peak. Note that in pristine PPV the C, also has a
J. S

slight tail at high E
b

.

Curve fitting results are shown along with the C
ls

data in Figure 4.8. Using

the constraints mentioned in section 3.2.6.2 three bands were required to fit the

carbon profiles in the doped films. The binding energies and relative areas are listed
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in Table 4.4 for the various doping conditions. As can be seen the peak positions of

the three bands are nearly constant for the various doping levels. The binding energy

variations are ±0.10 eV, ±0.40 eV, and ±0.15 eV for bands 1, 2, and 3 respectively

for the different doping conditions. Band 1 at 284.5 eV is the major component at

all doping levels. Its relative intensity decreases from 80o/
0 in the pristine film to

approximately 70o/
0 at the highest doping levels. With the exception of the heaviest

doping level, band 2 at 285.6 eV has a constant intensity near 20 o/
0 . Band 2 is not

expected to be related to the doped form of PPV since it is present in the pristine

film and its position and area are invariant to doping level for the 1 minute dopings.

On the other hand, band 3, at 287.0 eV, is quite sensitive to doping level. As the

dopant vapor pressure is increased from 120 to 370 mmHg the band 3 area increases

from 5 to 10%. A five day exposure to AsF
5
vapor at 370 mmHg increases the

amount of this band to only 17%. It is important to note that the curve fitting results

for AsF
5
-doped PPV very closely match those of a previous investigation of

electrochemical^ oxidized PPV [123]. In this study three bands at essentially identical

binding energies to the bands of the present study were observed. Thus, the

modification of the hydrocarbon polymer backbone appears similar for both chemical

and electrochemical doping methods.

The high resolution F
lg

spectra are shown in Figure 4.9 along with the bands

resulting from a curve fitting analysis. At all doping levels the major F
1

S

photoelectron peak is at 686 eV. As the doping level is increased a high E
b
shoulder

appears and becomes prominent at the highest doping levels. Table 4.5 lists the curve

fitting results for the F photoelectron region. As with C. three bands were
1

3

required to fit the F
Js

peak profiles except in the case of the 5 day doping. Here, a

more extensive high E
b

tail exists. The peak positions of the three bands in the 1

minute doping profiles were nearly constant. Band 1, the major F photoelectron

peak, occurred at 686.0 ±0.1 eV, band 2 at 687.7 ±0.3 eV, and band 3 at 689.3 ±0.1
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.V. As the doping vapor pressure was increased from ,20 ,o 370 mmHg the relalive
area of band

, decreased from 74% «o 58% for the , m i„ute doping, ^ q[
band 2 was insensitive to doping vapor pressures for , mi„ ule dopings and ^ ,
vaiue of approximately ,4%. The area of band 3 increased from , ,% „ 20% as ,he
vapor pressure was increased from 120 to 370 mmHg.

Because ,he C,. and F„ band positions resulting from the curve fitting

analyses were invariant to doping „v., i, is unlikely that they ca„ ^ ^
artifacts such as differentia, charging of the fi,m surface. Rather, they offer

chemical sh,f, information regarding the carbon and f.uorine species i„vo,ved in the

significant as can be clearly seen from the spectra. However, care should be

exercised in interpreting the intermediate bands of both the C,. and F„ profiles since

relaxation of the constrain, that the band shapes be purely Gaussian (with no

Lorentzian character) may eliminate the need for these bands in the curve fit.

As with the major pho.oelectron peaks, assignments can be suggested for these

bands. The major C„ and F,, photoelec.ron peaks at 284.5 eV and 686.0 eV are

attributed to electrically neutral carbon atoms of the polymer backbone and the

hexafluoroarsenate anion respectively. One possibility consistent wilh the

simultaneous appearance of the high binding energy C,. and F„ photoelectrons is the

formation of C-F bonds as a doping side-reaction. Inspection of Tables 3.4 and 3.5

show tha, the relative amounts of the high binding energy components of the C, and

F
l8

profiles are nearly constant for 1 minute dopings. The F/C ratio is near 2. Thus,

difluorinated carbon atoms are indicated (ie., -CF
2
- ). However, this is not

consistent with the 287.0 eV binding energy of the C
1(

band 3. Difluorinated carbon

atoms in poly(vinylidene fluoride), poly(trifluoro-ethylene), and poly(tetrafluoro-

ethylene) have C
1g

binding energies 290.4, 29I.2, and 291.8 eV respectively [124]. It

is more likely that the C,
s
band 3 at 287.0 eV in AsF

5
-doped PPV is attributable to
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e.ectro„ d.fici.n, si.es along the co„ (1 uc t i„g polymer backbone. Based „„ molecular
orbital calculations the same assignment was made for a 286.5 eV band in

electrochemical oxidized PPV [,23,. The high binding energy F,. photoelectron

cannot alternately be attributed to AsF
6 ,
AsF

g , or HF since their binding energies are

significantly higher a, 693.6 [125,, 693.5 [125,. and 694.0 eV [126, respectively. Thus,

based on binding energies alone the minor fluorine containing species cannot be

assigned to the obvious possibilities.

An important point to address is the stoichiometry of the doped complex.

From Table 4.2 the fluorine concentration for the 5 day doped surface is 2.8 F /

Polymer repeat. While the entire C,, peak is attributed to the PPV polymer backbone

only 58% of the F
1(

peak is attributed to the dopant anion. Thus, the dopant

contribution gives 1.6 F / polymer repeat. Since there are 6 fluorine atoms per

dopant anion the resulting dopant anion to polymer repeat ratio is 0.27. Thus, the

suggested complex stoichiometry is (C
8
H/+

)x
(AsF

6 ) where x = 3 or 4. This is in

agreement with electrochemical oxidation results of PPV using AsF -

as the

counterion where a PPV repeat to anion ratio of 4:1 was found [61].

4.2.3 Mass Spectrometry

The gas chromatograms of the thermolysis products of pristine and AsF -
5

doped PPV are shown in Figure 4.10. As can be seen from comparison of the

chromatograms doping does not cause significant changes. Only one new peak at a

retention time of 16 min is observed in the doped chromatogram. The molecular

weight and compound assignment for each peak is listed in Table 4.6. With the

exception of the aromatic aldehyde and tetrahydrothiophene all of the pristine

polymer degradation products are hydrocarbons. In fact, the products result from

simple cleavage of the polymer chain. In this regard it is different from

polyacetylene [69] which rearranges during thermolysis through an electron-proton
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exchange mechanism t0 form a va rie, y of aromatic compounds. „eN,enzene and
d,me,h yI - benZe„eare «h. maj„r ,ow molecular weigh , ^ ^^
Higher mo,ecu,ar weight products are s,mply ,arger fragments of ,he PPV ehain
Both conjugated and hydrogenated forms of the fragments are observed. The
tetranvdrothiophene is residua! from the precursor po.vmer [,04,. The be„ 2a,dehyde
is derived from oxidized PPV reneat unifQ unt u c *lrv repeat units. Both of these peaks are small indicating

low concentrations.

The doped chromatogram shows essentially the same features.

Tetrahydrothiophene is not observed. The aromatic aldehyde is also not observed but
the duddehyde (peak ,0') is observed. Because of the experimental conditions highly

volatile AsF
5 ,
AsF

3
and HF will not be observed. No fluorinated organic species

were observed, suggesting the absence of fluorinating side reactions of the AsF
6

dopant. This is similar to AsF
5
-doped polyacetylene in which the dopant tendsto

catalyze the formation of hydrogenated thermolysis products but does not fluorinate

the conjugated polymer chain [69]. Also, an increase in the amount of the aldehyde

thermolysis product is not observed. Thus, the increase in the amount of oxygen in

the doped films, as noted with XPS, cannot be attributed to a doping induced

incorporation of organic oxygen.

4.2.4 X-Ray Diffraction

X-ray fiber diffraction patterns of AsF
5
-doped PPV show a superposition of

the oriented polymer fiber diffraction and powder diffraction from some randomly

oriented compound which is formed during doping. These patterns will be discussed

in detail with regard to the doped polymer structure in the following chapter. Table

4.7 compares the crystallographic d-spacings measured for the powder formed in

AsF
5
-doped PPV and a variety of arsenic compounds. Clearly, the powder formed

during doping is not OH
3
AsF

6 ,
As

2
0

3
or As

2
0

4
. The two strongest reflections of
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ween the

.600 nm

'2~5 0r

-A a, 0.606 and 0,67 nm have matching ref|ections jn ^ ppv pat(ern ^
etching reflection a, 0.600 „ ra „ of medium strength^ ^ ^ q
refle°ti0n

"
VCry S,r°"8

-
A'- -» °f - medium and weak AsA reflec(ions

2

have no apparent match in the PPV pattern. A Cose match is formed be.
hydrated form of As

2
O

s
and PPV. The 0.488, 0,42, 0,05, 0.27,, 0 237 0 218

0.202, and 0,97 nm reflection, of 3As
20,5H

2
0 have matching reflections in the PPV

Powder diffraction pattern. The presence of this compound is thus suggested A
Sma

"
am°Unt

°
f Unhyd™ed AsA «•* a,so be present accounting f„r the „

reflection. .„ addition to these compounds at ieast one other may a.so be formed
since the strong 0.445 nm PPV reflection has no correspondence ,„ either As.O
3AS

2
0

6
.5H

20. The formation of these oxides in A SF
5
-doped PPV provides

mechanism for incorporation of inorganic oxygen. A,so, the lower than expected

F/As ratio measured by XPS can be rationalized by considering arsenic oxides to be

present on the film surfaces.

4.2.5 Chemical Model of AsF
5
-Doping

Both FTIR and XPS confirm the presence of the AsF
g

" anion in AsF
5
-doped

PPV. This species has been proposed as the dopant anion in AsF -treated PA

[129,130]. These previous studies have proposed an electron-transfer fluorine-

disproportionation reaction to account for the formation of this species. The results

presented in this section support the analogous reaction in AsF
5
-doped PPV. Thus,

the conductive phase is formed through the chemical reaction

2PPV (s) + 3AsF
5

(g) > 2[(PPV+)(AsF
6
-)] (s) + AsF

3 (1) (4.2)

This can be generalized for group V pentafluorides as

2PPV (s) + 3MF
5 (g) > 2[(PPV+)(MF

6 -)J (s) + MF
3 (4.3)

where M = P, As, or Sb. Further, the XPS results suggest a doped complex

stoichiometry (C
g
H
6 )x

(AsF
6
-) where x = 3 - 4 on doped PPV surfaces. This is also
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consistent with the eiectrica, conductivity results. As men,i„„ed in section 4, „„

significant conductivity increases were observed for stoichiometries (c.H.XAsF,"),

where x > 0.30.

Attenuated total refiectance FTIR has shown only shal.ow reaction depths.

This confirms the skin effect predicted from the electrical behavior. Also, in

addition to the primary doping reaction a side reaction occurs which forms arsenic

oxides. This reaction occurs even though doping is conducted at low pressures

(< 10" 4 mmHg).
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Table 4.1

Typical properties of doped PPV films.

Donant -Limiting m «-i2 (\l cm) Mass increase (%)

PF
5
(710 mmHg)

j ,

AsF
5 (340 mmHg)

i 600 39

SbF
5 (4 mmHg) 2400 580

H
2
S0

4
(98o/o aq) 3000

i 30

72



00

< OO o
o —

;

oo

> ^
a, X

a -

O
T3

I

w
^ aoo 2
< f
o a>

- Q.C a)O u

s >
o £a a.

E <u

o c
o o

o
o
ta
u- >

.—

•

00 a
"3
4-»

0)
u

C 00

me
om

<D
CT3w Cm
O

Csj u
be

S
JO 3
Ta 2

Ol

Ul

c
o
U
&4
c
Qj
O

o

to

o

o —«'

oo oo

c

oo

Oh

On

O

OS

o

as

oo

o —

*

in

rsi

oo

rsi

CO

00 00 00
a I
s £ E
s E E
o o o
rsi

(N m
<D

D
a G C

s £ s

oo

OO

oo

X
E
E
o
CO

00
>>

•a

73



Table 4.3. Binding energies of major photoelectrons, multiplex spectra
(eV)

Sample p c

PPV, pristine 284.6
532.8

PPV/AsF
5 284.6 685.9 46 5 532 4 filQ a

1 min 120 mmHg *5lA 639A

7Z
A
£$ mmHg

2M -6 686'' ™ "2.7 639.2

"7^ mmHg
686 0 47 0 532 7 "9.0

LiAsF
6 (284.6)

2
686.6 48.3

As2°5 (284.6)
2

- 46.6 532.4

638.3

1AE
b

is the binding energy difference between F. and As
3

, photoelectrons.

The carbon in the inorganic spectrum is due to the tape substrate and is used
energy calibration.

3d

' as an
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Figure 4.2 Poly(^-xylylene), PPX.
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Figure 4.3 I-V plot of heavily AsF -doped PPV film
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Attenuated total reflectance FTIR spectra: a) pristine PPVKRS-5 crystal; b) AsF
5
-doped PPV, 370 mmHg 1 hour KRS s

crystal; c) AsF
5
-doped PPV, 370 mmHg, , hour Ge crystal

d) AsF
5
-doped PPV, 370 mmHg, 5 days, KRS-5 crysfcj1
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Figure 4.8 High resolution x-ray photoelectron spectra of ra) pristine PPV; b) AsF -doped PPV 1 7f) m w ls
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re8l0n:
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Figure 4.9 High resolution x-ray photoeiectron spectra of F reqion
in AsF

5
- d0ped PPV: a) 120 mmHg, ] minute; bJ^O mmHg, 1 minute-

c) 370 mmHg, I minute; d) 370 mmHg, 5 days.
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CHAPTER 5

CRYSTALLINE STRUCTURES OF THE INSULATING AND CONDUCTING

PHASES

As mentioned in Chapter 2 PPV U a semicrystalline poller. ,„ lhis chapter
'he effec, of doping on ,he crystal structure win be examined. All of the results

presented here are derived from the doping of bulk PPV films.

51 Crystal Structure of Undoped PPV

Figure 5.1 shows x-ray diffraction patterns of isotropic and oriented PPV
films. The d-spacings measured for both films are listed in Table 5.1. The d-

spacings closely match the calculated values for the I. ,, 2 and 3 layer ,i„e, These
calculated values are derived from the monoclinic structure determined from electron

diffraction [53, (see also Figure 2,). Thus, PPV crystallizes to the monoclinic form
in both isotropic and oriented films. Stretching merely serves to orient the c axis of
the crystallites with the draw direction.

The reflections along the I = I layer line possess a streaky character. Further,

only (OKI) reflections are seen. These observations are consistent with the

paracrystalline model of PPV presented by Granier et al [54], The streakiness of the

(Ok
I) reflections makes their positions less certain. This can be seen in Table 5.1

where the (001) and (021) reflections show the largest deviations from the calculated

positions. Also, the streaky (001) reflection is evident as a broad ring in the isotropic

sample. This ring was initially attributed to random or amorphous order in

unstretched films [32J. While its breadth is typical of disorder, the paracrystalline

analysis has shown this broad reflection to arise from a specific axial translational

disorder rather than from an amorphous phase.
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Because several families or h. Melons are simulIaneous|y observab|e
°rienta,i0ns co" ist in 0M ppv n,m [13I]. Flgure „ shows ,he

diffracted intensity for the * - n 1« rV .he £ - 0 layer line of an orien ,ed^ No
change in relative intensi(ies „f the^^ ^^ _ ^ ^ ^
-p,e is rotated about ta ori.nU.lon axis. AUo included in this figure ,s the
calculated„ imensitie, ^^^^^
an axially Cy.indricai.y symmelr ic distribution of crystallites. The details of ,„.
C"CUU'i0n

'
MS,i "8 °f ~ Parents are i„c,uded i„ the Appendix

From companson of the calculated a„d measured intensities i, is dear (hat a

cylindrical symmetric mode, we,, describes the axia, distribution of crystallites in

PPV. These resu„s are consistent w,,h a fiber symmetric morphology in drawn fi,ms
Of PPV.

The lack of amorphous background in the x-ray diffraction patterns suggest a

high degree of crys,a,„„,,y. However
, because ^ bacRbone Qf ppy . ^^

does no. melt, a purely a amorphous sample cannot be prepared. This prohibits

quantitative equations of the degree of crystal.ini.y by conventional techniques such

as density measurements, calorimetry, or diffraction.

It should be no,ed that the ability to orient PPV facilitates structural analysis.

The resulting diffraction patterns from fiber symmetric PPV are similar to those

obtained from a rotation diffraction pattern of a single crystal. A.I equatorial

diffraction spots and many off-axis spots, within the angular limits of the film, are

simultaneously observed. Further, the lateral and longitudinal crystallography

spacings are readily identified. This simplifies the study of the conducting phase.
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5.2 Structure of Doped PPV

5.2.1 Arsenic Pentafluoride-Doped PPV

Figure 5.3 shows the diffraction patterns of oriented PPV be fore and after
doping with ASF, After doping new refections become apparent. The pattern

the doped phase. Also, a strong meridional refection exists on the I ] laye r ,ine

Seating a change fro, the monoc.inic symmetry of the undoped phase. This
-Hection occurs at 0,58 nm which corresponds exactly to the chemica, repeat length
of the PPV chain. The diffracted intensity along the , =

, ,ayer Iine shows a

modulation with discrete reflections discernible (see Figure 5.3c and d). More than
one periodicity is also apparent from the spacing of these reflections. Thus, several

qualitative assessments can be made concerning the doped phase.

1. Doping induces a new lateral packing of the PPV chains.

2- The symmetry of the doped phase differs from the monoclinic

symmetry of undoped PPV. The c* axis of the doped phase can be

assigned as parallel to the draw direction with the strong meridional

reflection assigned as the (001) reflection.

3. The discrete reflections present on the t =
1 layer line and their

multiple periodicities indicate a reduced axial translation^ disorder

between neighboring chains.

This last point may be justified on the basis of the different interactions between

neighboring chains for the doped and undoped crystal. In the undoped crystal van
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de, Waa, s f„rces „ between neighboring^ ^ ^ doped^^
Cou,„mbic interactions wu, a ,so be operatjve ^ ^ a m(

charge. These s,ro„ge r forces may serve ,„ stre„gthe n the interm0|ecular
po.enrials thereby resting i„ a higher degree „f ]Qng^^
onen.a.iona, order of ,he u„d„Ped PPV; The elites d„ n0 spatially reorganize
during doping.

Also note that within experimental error the chemical repeat length of the

Polymer ,s unchanged after doping. Any change in this value would indicate bond
•ength changes associated with electron transfer from the polymer backbone. The
magnitude of any length change, however, „ expected to be small. Using neutron

diffraction Chan et a. [132] found the in-p,ane carbon-carbon bond length to

decrease by only 0.2% in first stage graphite intercalation compounds with the

electron acceptors H
2
S0

4
and SbCl, Similarly, Murthy et a. [133] reported a 0A%

decrease in the chemical repeat unit length of iodine-doped polyacetylene. In the

case of such small changes observation of higher order (00£) reflections would be

required to make a precise determination of bond length changes.

Figure 5.4 shows the intensity diffracted along the equator for oriented PPV
at different doping levels. At a weight uptake of 46% the reflections of the doped

Phase are apparent but the undoped reflections are still dominant. At a dopant

uptake of 158o/o only the doped phase is apparent. Further, the d-spacings for both

undoped and doped phases are independent of doping level. The change from the

undoped to the doped structure is a discrete rather than continuous change. Thus,

only one new conductive phase is observed. The discrete change in diffraction

pattern indicates a "first-order" crystal-crystal transition. If the transition were

"second-order" then the doped structure would gradually evolve and the d-spacings

would be dependent upon doping level.
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The coexistence of undoped and doped reflections demonstrates the

vanish

5.2.2 Other Group V Pentafluoride Dopants

Figure 5.5 shows the diffraction pattern obtained from PPV doped with SbF
5

to a weight uptake of 51%. The pattern is qualitatively similar to the AsF
5
-doped

^

pattern. Three new lateral spacings are observed at 1.039, 0.516, and 0.334 nm. The
two largest spacings are slightly larger than those of AsF

5
-doped PPV. The 0.334 nm

lateral spacing is also seen in AsF
5
-doped PPV. Also, a meridional reflection at 0.662

nm is observed corresponding to the chemical repeat distance of 0.658 nm. In

addition to the meridional reflection two others are seen on the £ - 1 layer line. As

with AsF
5
doping, the doped phase retains the high degree of molecular orientation

initially present in the undoped film.

These results indicate that the crystal symmetry of the SbF
5
-doped complex is

the same as AsF
6
-doped PPV. The difference between these two crystals lies in their

lateral spacings. This can be understood by considering the dimensions of the dopant

anions. Both the hexafluoro-arsenate and -antimonate anions have octahedral

symmetry. The As-F and Sb-F bond lengths in these compounds are 0.180 [134] and

0.188 nm [135] respectively (see Figure 5.6). Using the value of 0.147 nm for the van

der Waals radius of fluorine, maximum F-M-F distances of 0.654 and 0.670 nm are

calculated for the arsenate and antimonate. Thus, as the dopant species becomes

incorporated into the polymer lattice the expansion due to the hexafluoro-antimonate

anion is expected to be slightly greater than that due to the hexafluoro-arsenate

anion.

Another similarity between the AsF
g
- and SbF

5
-doped patterns is the

appearance of a powder diffraction pattern superposed on the polymer fiber
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fraction pattern. As with AsFs doping
, dopan , oxides were^ ^

Chapter 4,. AUo, the side-product of thiS doping reaction „^ ^^ .

no. votatue a, the experime„ ta, cond.tions (see Tab.e 3,) and ,s expected to remain
n .he f„m

.
Tab,e 5.2 iists the d-spacings for SbF

3 ,
Sb

2
0

3 , and Sb
2
0

5
as weU as for

.he powder formed during SbF
6
-dopi„g. These .hree compounds canno, individual!,

or in any combination accoun, for the powder diffraction pattern in SbF
5
-doped

PPV. Thus, some compound other than the obvious possibilities is responsibie for the

powder pattern.

:er 4

A new phase was not observed in PF
5
-doped PPV. Recall from Chapt,

that only low doping levels (< 5 wt%) were attainable with PF
5
(see Table 4.1). As

such, an insufficient amount of the PPV film is converted to the conductive phase for

observation using transmission diffraction geometries.

5.2.3 Electrochemical Doping

The electrochemical oxidation of PPV yields conductive films [42]. As PPV is

electrochemica.ly oxidized electrons are abstracted from the polymer backbone. The

positive charge created is balanced by incorporation of a negatively charged

counterion. This counterion diffuses from the electrolytic solution through the

polymer matrix to the oxidation site. In this study the perforate (CIO/) counterion

was used.

Figure 5.7a shows the diffraction pattern after electrochemical oxidation using

the CIO/ counterion. Here again the diffraction pattern is qualitatively similar to

AsF
5
-doped PPV. Three new lateral spacings at *1.0, 0.470, and 0.330 nm are

observed. In this pattern the 1.0 nm reflection is weaker than in the AsF - or SbF -
5 5

doped films. The d-spacing measurement for this weak reflection is made less certain

by the low angle lateral streak. This streak is also apparent in AsF c
- and SbF -

5 5

doped films. However, the strength of the 1.0 nm reflection in AsF c
- and SbF r

-
o 5
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doped films makes its position more certain The cause of h.i ,

. A .

6 CaUSe 0f thls low angle streak will
be discussed in a following section.

This pa tter„, ,ike ,„« AsFr and SbFrdoped pauerm a om nm |atwa|
sPacn, Also . weak mendiona| reflect;on js observed ^ ^ ^ i ^ ^ ^
d-spac,„g f„r this reflection is 0 658 nm Md corresponds ^ ^^
distance. The other reflections along the £ -

I I™., rung tne layer l,ne are very streaky. This
prohibits accurate measurement of their d-spacings.

With the exception of the 0.330 nm spacing the lateral spacings in this

conductive form of PPV are slightly less than those found in AsF
5
- or SbP

5
.doped

PPV. This difference is attributed to the size of the CO,- anion. The perforate
anton has a tetrahedra, geometry and a Cl-O bond length of 0,42 nm 1,37, Us.ng
•h.s vaiue and a van der Waals radius of 0.135 nm for oxygen a maximum anion size

of 0.4,5 „m is calcu.ated. This is substantially less than either the AsF
g

" or SbF,"
diameters.

The e,ec,rochemical oxidation of PPV is reversib,e. Once doped the film can
be discharged to its neutra, form [42,. Figure 5.7b shows the diffraction pattern of

•he discharged fi,m. The original structure of the undoped PPV is regained. The
degree of azimuthal arcing is s ,igh„y increased indicatjng some

arising during the charge-discharge cycle. Also, the crystallite size has diminished.

Figure 5.8 shows the diffracted intensity along the equator for PPV films before and

after electrochemical oxidation and after discharging. The decreased crystallite size

after discharging is evident by an increased breadth of the reflections (compare

curves a and c). Before oxidation the (210) reflection has an estimated full width at

half maximum (FWHM) of 2.0". After doping and discharging the breadth of
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--on increases t0 ,8, Accordi„g [o ,he Scherrer

calculated as

L
hk* - O.9A/(/3

o
cos0)

(
where 4 is the x-ray wavelength

, e „ „ diffractiM^ Md ^ ^ pwHM«— r»u . u important „ note that instrumema| brMdening ^ paracrysMiiM
border a,so co„ tribute t0 the FWHM. The total FWHM is expressed as

crystallite ^ paracrystal "
jinstrument ) (5.2)

when the line shape ,s Gaussian ,,38,. As suchW ca,cu,ates a lower ,imit t0
•He actna, crystallite size when the reflection breadth „ attributed only ,0^« W„h ,hese .imitations in mind the Scherrer ana , ysis^ be^ ^^
.he effect of the e,ec tr0chem ica, cyc«e on the PPV crystallite size. Thus, eq„<5 „
g.ves lateral crystallite dimensions of 4.0 and 2.9 nm before and after doping
respectively. Wh„e the absoiute vaiues are on, y estimates ,hey indicate a relative

crystallite size decrease of 25%.

5.2.4 Sulfuric Acid Doping

As with other doping agents H
2
S0l doping causes a change in PPV crystal

structure. Figure 5.9 shows the diffraction pa.lern from H
2
S0

4
-doped PPV. This

sample had been immersed for 2 hours in 98% H
2
S0

4
(a,) and experienced a ,30 wt%

increase. In the doped polymer lateral spacings of 1.045, 0.522, and 0.330 nm are

observed. Here also a 0.33 nm lateral spacing is observed. The position of the e - 1

layer line is consistent with the 0.658 nm polymer repeat length. However, the I - I

meridional reflection is extinguished in this complex. In this regard it is different

from the previous patterns.

The chemistry in H
2
S0

4
doping is less well understood than in group V

pentafluoride or electrochemical doping. Initial studies on H
2
S0

4
-doped

polyacetylene proposed [H
3
0+

HS(Y] as th« doping species [139]. Here the Ho0+
ion
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-ate charge carriers. A rece„t study by Han and E|senbaumer ^^ ^
Prcon, ac id dop.ng of^.^^.^^ ^ ^

of a polaron iconic structure was inferred. The mechanism propo$ed ^^
for .hi, change involved d irec, protonat.on of .he p„,yme r accompanied by
incorporation of ,he conjugate hase ,o maintain charge nen.ra,,., According „ this
mechanism ,he pro.ona.ed sulfa.e anion (HSO,") wou,d be .he coun.erion

i-corpora.ed i„t0 .he ,a„ice in „
2
S0

4
-d„ped PPV . Using 0, 66 „m as ^„^

leng.h and a 0,35 nm van der Waals radius for oxygen ,he maximum diame.er of a

te.rahedral sulfa.e anion is calculated (o be 0 451 nm HP r, . •oe u.iai nm. Here the proton is neglected
This anion size is less than ei.her AsP

6
" or SbP,". However, the H

2
S0

4
-PPV complex

has the largest latera, spacings. with regard ,o anion size on, y i, seems Ukeiy that ,he

chemical s.ruc.ure of the complex is no, simply (H-PPV*)(HS0
4
-). Rather, the

crys,a, structure may be more consistent with [H,0*HS0
4 ] as the active dopant

anion. ,„ either case further analytical work is required to identify the H
2
SO„-PPV

chemisty.

5.2.5 Crystal Model of the Conducting Phase

All four of the conductive complexes discussed in the preceding sections can

be indexed to an orthorhombic unit cell. Two periodicities are observed for the

lateral spacings. The first two reflections near 1.0 an 0.5 nm scale similarly with the

size of the dopant and are thus clearly related. Further, the 0.5 nm d-spacing is

essentially half the 1.0 nm spacing in all complexes. As such the 1.0 and 0.5 nm

spacings are considered to be first and second order crystallographic spacings

respectively. The lateral spacing at 0.33 nm is common to all complexes. Thus, it is

independent of the 1.0 and 0.55 nm reflections. In light of these features the 1.0 nm
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reflection is assigned as the a lattice parameter and the 0.33 „m refaction as the
second order of the I iattice parameter. The 0.5 nm spacing was used ,„ determine
he vaiue of a. Th,s was done because of the increased precision general* a.iowed i

the measurement of higher order reactions and a.so because the ,.0 refection ,ies

along a low angle streak making measurement of its position somewhat less precise.

The c lattice parameter is determined from the meridional reflection on the I = 1

layer line. The value of this parameter is taken as 0.658 nm for all com plexe, The
angle between all the lattice vectors is 90°.

Table 5.3 lists the lattice parameters for the four conductive complexes

studied. Using these lattice parameters the positions of other reflections can be

calculated using

U/d
hk£) = vWa)2

+ (k/b)
2
+ (£/c )

2
(5.3)

It must be borne in mind that eqn(5.3) applies only for cubic, tetragonal, and

orthorhomb.c lattices. Calculations for lattices of lower symmetry must explicitly

include the factors cosa, cos/?, and cos-y [131]. In Table 5.4 the measured and

calculated d-spacings are listed along with the assigned crystallographic indices. As

already mentioned the (020) reflection has a common d-spacing for all complexes at

0.33 nm. Note also that the measured (011) d-spacing is independent of dopant type

at 0.46 nm. This is as expected since only the a lattice parameter is sensitive to

dopant type and only the b and c parameters contribute to this spacing. All

reflections for which h * 0 vary with dopant. As can be seen from Table 5.4

orthorhombic symmetry with the lattice parameters of Table 5.3 closely describe the

crystalline unit cell of the doped complexes.

Given a unit cell for the conductive phase, the next question to be addressed

is that of the spatial arrangement of the PPV chain and dopant anion within the unit

cell. Recall that the a lattice parameter varies with dopant type while the b lattice

parameter was constant at 0.33 nm for all complexes. Thus the dopant must be

100



P**~any incorporated a,ong the [100] directio„ By simi|ar^ ^ q ^- d-spacing , characteristic or ,a,era, pac ki „g of p„,ymer Cains in the ,0,0,
direction.

The 033 nm lateral spacing is characteristic of the Coses, approach of two
Planar .*>.»,.« molecules (recall the discussion of charge transfer complexes in

Chapter 2>. For example, th. graphite inter.ayer spacing is 0.335 nm ,84,. ,„

radical-cation sal,s aromatic mo,eco,es typlcaUy stack in planar arrays having
in.er,ayer spacings of 0.32-0.34 nm

,89 .9I , Als0
, quaterpheny

, %^
for PPP, has been found ,o form such stacks with a spacing of 0.33 nm ,9„. ,„ ,ight
of the structural and chem.ca, similarity of doped PPV and the above mentioned

compounds it is reasonable to assign the 0.33 nm lateral spacing to an mtermolecular

distance in stacks of planar PPV cha.ns. .„ such a stack no free volume would be

available for occupation by dopant. Thus, the dopant molecules must occupy an

interstack volume. Figure 5.10 shows one structural mode, of doped PPV based on

these observations. It is dear from this model that the [100] direction would

experience preferential expansion during doping due to incorporation of the dopant

anions. Further, the amount of expansion in this direction should be correlated with

dopant size. This effect is experimentally observed with the larger anions yielding

the highest values of .. A similar model was proposed by Pradere and Boudet for

AsF
5
-doped PPP [78].

In addition to being consistent with the observed d-spacings, this structural

model also accounts for the significant transverse electrical conductivity of doped

PPV. In this arrangement extensive jr-orbital overlap exists between neighboring

chains. This presents a lateral pathway for electron transport. Further, the physical

conversion from the undoped to the doped crystal structure is easily envisioned (see

Figure 5.9). The structural change only requires a rotation of chains about the c axis

and an expansion in the [100] direction of the undoped crystal. In this conversion the
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arise

ve in

seen

expansion occurs between thf> nnm•he (,00) p,a„es of undoped PPV. Recall ,ha, these planes
Possess good axial registration between neighbor^ <*.- » •8 oringchams

-
Al"al paracrystalline

disorder exists between the (100) nlan^ Tt .<1C0) P,anes
'

The interchain correlation in the
UUU) plane may explain whv thk nio„ Q •why th,s plane remams tntac. with dopant incorporation
occurnng between these planes.

One other feature of the diffraction patterns should be mentioned. ,„ a„ 0f

when using Altered x-rays for diffraction since the filter is no, totally effect!
enminating the white radiat.on (see ref. [131], tn fact, weak streaks can be also

- >he undoped pattern. However, the strength of the lateral streaks in the doped
Pa«er„s U quite high. Further, no longitudinal streak extend.ng i„ the direction of
•he (001, refleotion is observed. This suggests that the lateral streak roay be due ,„

<a.era, pack.ng disorder. If this packing disorder existed along a then the (200)
reflection should also show a streaky character. This is no, observed. ,n this case it

"
m°re reaSOnaWe l

° ««—« - occur along b. Thus, the disorder
is likely to be contained within the dopant plane.

While ,he above model is consistent wi,h ,he diffraction patterns a classical

crystal structure analysis is required to quantitatively confirm the spatial arrangement

of Po,ymer and dopant anion within the unit cell. Typically, crysta! structure analysis

is performed by comparison of calculated and observed diffracted intensities [131].

However, this type of analysis requires many reflections s.nce a large number of

atomic positions must be specified. This presents a difficulty in the crystal structure

analysis of doped PPV since the number of reflections is small. Nonetheless,

calculations were performed to predict the equatorial diffracted intensities. As in the

study of undoped PPV the bond lengths and angles have been taken as equal to those

in the model compound, stilbene [141 J (see Figure 5.11). For the purpose of crystal
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~e elation only the ppy^^ ^^
seoraetry of ,„e hexafiooto-arsenate anion „ as discussed in section 5 2 ,

The atontic coordinates of ,he two PPV repeats in ,he ^ ^^ ^
Tab.e 5.5. Because of the ,ow scattering power low eIectron^ rf
hydrogen o„, y the carbon atonrs of ,„e p„lymer were ^
one a„,on is reared if the Hnit cell descnp(ion

.

be ^ ^
•han one anion wouid vioiate «he nni, ce„ determined ,n the prions section since

structure of the lattice.

a

repeat

Figure 5.12 shows the diffracted intensity calculated when the unit cell

contains one dopant anion and also the experimentally observed intensity. The anion
lies in the plane of a PPV molecule and is associated with the phenyl ring as shown
in Figure 5.13. In both the calculated and observed diffraction the dominant

reflections are the (100), (200), and (020). However, the calculation overpredicts the

intensity of the (100) reflection. The calculated strength of the (100) reflection arises

from the electron density difference between the PPV stack and the dopant plane.

Each PPV stack contains 2 repeat units having 51 electrons for a total of 102. The

dopant plane contains one anion having 87 electrons. If the dopant plane and PPV
stack contained equivalent electron densities then the (100) intensity would be

extinguished. The experimental result indicates a fluctuation toward higher electron

densities in the dopant plane.

In Figure 5.14 the diffracted intensity from a crystal containing two anions

per unit cell is shown. Here 174 electrons reside in the dopant plane. The agreement

of this model with the observed diffraction is poor. Strong (010) and (110)

reflections are predicted but not experimentally observed.
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Ufa coupons with fractiona, i„c,us,o„ of a dopant i„„ a fractiona ,

va,ue ,ess than ,.0, were a,so performed. This oaly led t0 increased^ rf ^
(100) intensity and poorer agreement with experiment.

The ca,cu,a,ed and measured densities can a,so be compared. The AsF -doped

has a mass of ,02 am. The AsF
g

" anion has a mass of ,8, amu. Thus, the

calculated densities for I and 2 anions per unit cell are 1.48 and 2.20 g/cm*
respective,,, Table 5.5 lists the measured densrty for various AsF

6
dopmg levels.

The undoped sample density is 1.22 ,/cm» This compares we,, to a previous

measurement of ,.24 g/cm* and ,s somewhat ,ess than the theoretica, de„s,, y of , 28
g/cm* ca,cu,ated from the unit ce„ parameters [53,. The doped f„m density increases

with increasing dopant uptake. The htghest measured density range is ,.78 - 1.88

g/cm* for a sample doped to a 185 w,% up ,ake . This value is intermediate to the

calculated densities for
, and 2 anions per unit ce„. However, as shown by the

structure factor calculations the unit cell containing 2 anions per unit cell is

unreasonable.
,, shouid be noted that structure evaluation by density measurements is

complicated by the reactivity of the doped polymer. In par„cular , the results of

Chapter 4 have shown that arsenic oxides are formed during doping. These oxide

densities are high; As
2
0

6
has a density of 4.32 g/cm* Thus, these impurities will

serve to increase the measured density over the actual density of the PPV/AsF
"

6

complex.

In addition to complications presented by chemical side reactions others

associated with the heterogeneous nature of doping are also present. The analytical

results of Chapter 4 suggest an AsF
6
7C

g
H/+

ratio of 1/3 -1/4. However, the

crystalline unit cell must accomodate at least one dopant anion giving a ratio of 1/2

since there are 2 PPV repeats per unit cell. Diffraction results pertain to relatively

well formed regions of long range order. Thus, the stoichiometry estimated from
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diffraC,i0
" iS ° f *— -Bions. Lower eslimalcs of [he Asp h „- ^^ or ,urface analytica , techniques may be aitributabie to a ;wtt

-
level ,„ the grain boundary region, between crystallites.

n summary, ,h. x-ray diffraction experiments Have sbown a closely relaled
famdy of structures possessing orthotic symmetry to exist after doping with

wh.ch suggests a stacking of planar PPV chains in ,he doped complexes. The other
lateral spacings increase with increasing dopant size. Thus, a mode, is proposed in

whrch stacks of PPV chains are separated by a dopant plane. The crystal structure

calculations show a unit cel, containing two PPV repeats and one dopant anion to be
most descriptive of the structural arrangement of the polymer and dopant. Even in

«his model, though, some discrepancy exists between the measured and calculated

(100) intensity.
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Table 5.1
Crystanographic d-spaci„gs (nanometers) of isotropic and onented PPV (L/Lfrom x-ray diffraction.

calculated* oriented isotronic

1 10

200

210

310

220

0.427

0.395

0.312

0.234

0.214

0.428

0.402

0.312

0.238

0.213

0.428

0.401

0.314

0.235

001

Oil
0.552

0.301
0.546

0.290
0.568

012 0.329 0.317

i = 3 0.219 0.206 0.213

d-spacings calculated from monoclinic unit cell:

a = 0.709 nm a = 123°
b = 0.605 nm
c = 0.658 nm
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Table 5.2d-Spacngs of powder diffraction pattern formed upon SbF
fi
dopmg of PPVvarious inorganic antimony compounds

5

0.513 (s) I
0 652 (s >

0.501 (s)

°;414im>
:

0.469 (w) I

0.409 (m) °-447 (m)

0.382 (m)

0.340 (m)

0.371 (m)

0.357 (s) 0.353 (w)

0.347 (s)

0.307 (m) :
°

Qf* ;

vs >

0.316 (m) 0.311 (vs)

0.288 (m)
-

M 0297 (s)

n „. . .
0281 (s) 0.274 (w)

n<9«* / >

61 (m)
°-257 (m) 0 267 s)0.253 (m) 0 247 (rrno.z^/ (mj - 0.250 (w)

A9*»/ x I
0.242 (m)

0.222 m 0.229 (w) 0 .225 (w)
0.213 (m) 0.216 (w)
0.209 (m)

0.204 (m) 0.198 (s)
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n Table 5.3.
Unit cell parameters for doped PPV (nanometers)AH una cells exhibit orthorhombic symmetry

Asf
6 SbF,

Dooant

H2
SQ

4 CIO."*
4

a

b

c

1.010

0.660

0.658

1.032

0.660

0.658

1.045

0.660

0.658

0.940

0.660

0.658

Counterion used in electrochemical oxidation.
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. „ Table 5.4.
Measured and cakula.ed d-spacings (nanometers) for

doped phases.

Crystallo

graphic

index d
5

d a
^

5 h
->
SOa no-meas Acalc d . d ... H a .

C10
4

graphic Asf
5

-meas —calc

(100)

(200)

(020)

1.032

0.504

0.331

1.010

0.505

0.330

1.039

0.516

0.334

1.032

0.516

0.330

1.045

0.522

0.330

(001)

(101)

(011)

(211)

0.658

0.530

0.454

0.366

0.658

0.551

0.466

0.342

0.662

0.542

0.460

N.O.

0.658

0.555

0.466

0.346

N.O.

0.557

0.462

0.348

(102)

(012)

(212)

(302)

0.309

0.294

0.265

0.239

0.313

0.294

0.254

0.235

—calc d
~meas

1.045 1.0

0.522 0.470
0.330 0.330

0.658 0.658
0.557 S
0.466 S
0.348 S

d
,calc

0.940

0.470

0.330

0.658

0.539

0.466

0.331

S indica.es a reflection whose precise position is indeterminab,e dee to streaking.

N.O. not observed.
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Atomic coordinates of PPV repeats inAs^-doped uni, ceil Th, „ •

center of the chain I aroma," ring' ° " "« a
' ,he

Atom
-tal v (nm) z (nm)

Chain I

C
1

S"S2 ° 0000 -0-2794

C
2

n?n??
0 000° -°- ] 372

C
3

"S'SJ 0 00°0 "0.0878

p °- 1300 0.0000 -0 0494

P -0.1300 o.OOOO 0 0494

C
6 °-00°0 0.0878

P -0.0222 o.OOOO 0 1372
8 -0.0452 o.OOOO 0.2794

Chain II

£» °-0452 0.3300 -0 2794
p* °-0222 0-3300 -0 1372

P 9 -0.1078 0.3300 -0 0878
^20 0.1300 0.3300 -0 0494
pi -0.1300 0.3300 0 0494

p2 0J078 0-3300 0.0878
ps -0.0222 0.3300 0 1372L
24 -0.0452 0.3300 0.2794

For chain identification see Figure 5.9.
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Atomic-^-^ajyygjjj, „ N„, „
Atom iinmi ^ ^
Anion I

As
i 0.5050 0.0000 o.OOOO

F
1 01266 0.0000
2 0.3784 -0.1266 0.0000

p 0.1266 o.OOOO
4 0.63 6 -0.1266 0.0000
5 0.5050 o.OOOOo -.^v, u.uuuu o 1790

-0.17906 0.5050 0.0000

Anion II

p'2 °/
5
?
50 0-0000 0.6580

7 0.6316 0.1266

p
°
nil*

4
A

"0-1266 0.6580

p ^ZJf 0.1266 0.6580> 0.6316 -0.1266 0.6580
pii °- 5050 0.0000 0 8370h
i2 0.5050 0.0000 0 4790

1 1
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Mass densities of undoped and ppy ^ ^^
Doping
Time
fhrs)

Vapor
Pressure

(mmHc)

Weight

Increase

m
Limiting

Conductivity

in cm)' 1

Density

Range
(g/cm 3

}

0

1.22
A

264 305 74 265 1.49-1.58

91 289
6890 1.65-1.68

176 350 167 8000 1.58-1.71

95 289 *—

12600 1.74-1.78

>24 305 185 4000 1.78-1.88

A

sect

measured in density gradient coiumn. AH others measured in ntixed solvents (see
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Figure 5.1 X-ray diffraction patterns of undoped PPV: a) isotrooic filmoriented film (L/L = 8.6).
inotropic him b)
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chain
direction

Figure 5.2 Equatorial diffracted intensity from oriented PPV film (L/L =
different axial rotations: a) 0 = 0°, b) 45°, c) 90°, d) calculated
intensity for a cylindrically symmetric sample.
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1-0

1=1

X • I* M

Figure 5.3 X-ray diffraction patterns of neutral and oxidized PPV (L/L = 8.6):
a) diffraction pattern of undoped PPV, b) Schematic representation of
the undoped pattern, c) diffraction pattern of AsF

5
-doped PPV, d)

schematic representation of the doped pattern with" the new reflections
indicated by arrows. The fiber axis is vertical.
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TAN 20

Figure 5.4 Equatorial diffracted intensities for different AsF
&
-doping levels. The

weight uptake is indicated.
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Figure 5.5 X-ray diffraction pattern of SbF
5
-doped PPV (L/L = 5). The fiber

axis is vertical.
°
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0 0.2 o.4

TAN 2 9

0.6

Densitometer scans of electrochemically doped PPV: a) neutral PPV
before doping, b) electrochemically oxidized using the CIO

"

counterion, c) neutral PPV after discharging.
4
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^1 "N.** * H

Figure 5.9 X-ray diffraction pattern of H
2
S0

4
-doped PPV (L/L = 10). The

fiber axis is vertical.

121



a

7.9 A

10 A

Figure 5.10 Schematic representation of doped PPV structural model. The
structure is projected along the chain axis.
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Cr C
2 0.144 nm

C2-C3 : 0.139 nm
Cg-Cg : 0-133nm

C - H : 0-109 nm

H9^ C>

\^ H
128°^?|7 8

r ti6°

0.1 nm

Figure 5.11 Molecular geometry of PPV repeat unit.
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Figure 5.12 Equatorial diffracted intensity of AsF -doped PPV: a) intensities
calculated based on a unit cell containing one dopant anion, b)
experimentally observed diffraction.
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b

a

Figure 5.13 Geometry of AsF
5
-dopfed PPV containing one anion per unit cell.
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8 FTT

2 Theta (degrees)

Figure 5.14 Equatorial diffracted intensity of AsF -doped PPV: a) intensities
calculated based on a unit cell containing one dopant anion, b)
intensities calculated base on two dopant anions per unit cell.
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CHAPTER 6

CRYSTAL MORPHOLOGY ,N UNDOPED AND DOPED PPV FILMS

Having gained some understanding of crys(a| s(ructure ^ ^ doped phase
Of PPY , h . „ext question one may addreK

.

tha( of crys(a] morphQio8y ^
are the conducive, crvstaUine domains and what is their shape7 To answer these

questions a s,udy emp,o y ,„g eiectron microscopy was undertake. The experiment
resu.ts obtained for undoped and doped fi.ms are presented in this ehapter.

6.1 Bulk Morphology

Oriented fi^ 0 f PPV show anisotropy of both mechanical [57] and electrical

[15] propert.es. The tensile strength of PPV films drawn to L/L, = 5 is 420 MPa in

the direction of the molecular chain and 32 MPa in the transverse direction [57].

This mechanical amsotropy leads to an inherent tendency for oriented films to

fibrillate parallel to the draw direction. Figures 6.1 and 6.2 show SEM micrographs

of a section of fibri.lated PPV. The draw direction is along the microfibrillar axis.

In this micrograph it is evident that fibrillation along the draw direction and hence

along the molecular direction prevails. The surface from which the microfibrils have

been detached appears regular with long furrows at least 1 mm in length running

along the chain direction. The microfibrils characteristically possess a ribbon-like

morphology as can be seen from the twisted sections.

As shown in Chapter 5 the films are fiber symmetric. Thus, the fibrillated

morphology does not result from a preferred planar orientation. The tendancy for

oriented PPV films to fibrillate and the resulting morphology is attributed to the high

degree of uniaxial molecular orientation. In such samples the mechanical strength lies

primarily along the direction of the molecular chain backbone. In this arrangement
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sample rupture is expected to occur alnnooccur along the onentauon direction rather than in a
transverse direction.

6.2 Crystal Morphology

A
8(llo/MO) 0"* field TEM micrograph of oriented PPV (L/L = 8) is shown

in Ftgure 6.3. The average dimension of the crystallttes was determined by
measuring 40-50 crystallites in a given micrograph. The average size of the

diffracting regions shown in Figure 6.3 is 6.9 nm with a standard deviation of 3.,

nm. As observed here the aspect ratio of the crystallites is near 1.0. This image
gives the impression that only short crystallites exist. Ordered fibers of other rigid

rod polymers such as poly(p-pheny.ene benzobisthiazole) (PBZT) and po.y(p-

Phenylene benzobtsoxazole, (PBZO, also possess short crystallites of the order of 5-10

nm [142,143].

Although the diffracting reg.ons appear equiaxed a single dark field image

does not preclude the possibility of a structure involving long needle-like crystals

with a tendency to twist about the crystallite axis. If the latter is the case then while

a small section of the crystallite is meeting the Bragg condition and diffracting,

neighboring segments along the crystallite would be twisted out of the Bragg

condition and appear dark. To investigate whether this occurred in PPV, dark field

images were taken before and after tilting the incident electron beam. This technique

has been previously discussed by White and Thomas [109] and allows precise

determination of tilt angles as small as 0.1°. If the crystals were needle-like in

morphology then after tilting their diffracting intensity would translate along the

draw direction as new segments of the twisted crystal came into the Bragg condition.

Figures 6.4 and 6.5 show dark field images of PPV before and after a beam tilt of

0.26° about the chain axis. A relatively small tilt angle was chosen so that the

majority of initially diffracting crystals would also be present in the second image.
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>n -Hi* wa y the crystallite locatjons ^^^^^ ^ ^
i-M«. WHi,e an ery!t8llite8 are observed ^^ t^ ^

» upon beam tilting only . sman fracti0 „ rf ,he^ popu]atjon^ in(o ^
soes o„, of „,e Bragg co„ditio„. Those regio„s labeUed A h Pigure 6, and , 5 are
observed both before and after tilfinotilting. However, crystallites labelled B appear after
the tilt and those labelled C disaonpar tu;*«~ aisappear. This is expected for small beam tilts as is

-Presents the variation in observed scattered intensity as a crystal of thickness T is

rotated through the Bragg angle The r.,rv* s« »i r-angie. the curve in the figure was calculated using

^no) = [sinVTwd)]/(7rwd)2
(6 1}

where d is the crysta.lographic spacing and . is the angular deviation from the Bragg
angle. A thickness of 7.5 nm was used for this calculation.

The orientations of crystallites A, B, and C are shown before and after tilting.

In no case did the intensity of a single diffracting region translate along the draw

direction as the beam was tilted. This result shows that a needle-like crystal

morphology can be ruled out. Thus, the rigid character of the polymer chain does

not manifest itself by forming extended crystals along the chain axis. Rather, the

diffracting regions are equiaxed, with an average length of 7 nm.

A high resolution image of a thin PPV section (L/L
o
= 9.3) is shown in Figure

6.7. Close inspection of Figure 6.7 shows lattice fringes running parallel to the film

edge. From the optical diffraction pattern the spacing of the fringes is measured as

0.43 nm. This corresponds to the (110) crystallographic spacing in the PPV crystal.

Hence, this micrograph allows direct observation of the molecular packing in the

oriented crystals. The optical diffraction pattern also shows a weaker periodicity

corresponding to the (001) reflection. Because of the monoclinic symmetry of the

PPV unit cell this reflection appears off the meridian. The (001) fringes (d = 0.552

nm) while present are not obvious in the micrograph itself.

129



In Figure 6.8 the individual crys.aili.es are ou „ ined ^ ^
-deneification of an indlv,dual crystallite „^ ^^ ^^^« and axia.lv. Further, ,he fri „ges wr.hin „„e crys.aili.e mus. have .He same
one„.a.ion. Thus, rela.ively ,a rge regions displaying fringes can be divided intQ

separa,e grains. This is dearly seen by compar.ng crys.aili.es 23 and 24 in Frgure

6.8. These neighboring crystallites differ in orien.a.ion by 1 ,-. The crys.alli.es and
their or,en.a.,ons are shown schematically i„ Figure 6.9. As can be seen they are

highly aligned in a film w,,h a draw ra.io of 9.3. In Figure 6..0 a histogram

represen.ing .he crys.alli.e orien.a.ions is shown. Here the crys.alli.e orienta.ions

have been measured wi.h respec. .o .he film edge. The average orien.a.ion angle is -

I' (clockwise being posi.ive) bu, the individual orienta.ions range from -9° to +6°.

Using ,he orienta.ion angles, 4. shown in Figure 9 for the 27 crys.als observed,

W#> can be calculated direc.ly. Using .his value .he Hermans orienta.ion func.ion

is calculated according to

f =
( 3<cos

2
0> -

1 )/2 (6 2 )

giving a value of 0.94. Thus is very close to the value of f - 0.95 measured by x-ray

diffraction for PPV of L/L
q
= 8.3 [32].

It is important to note that the maximum observed crystallite misorientation

from the draw direction is only 9°. A recent study by Simpson et al [144] has

employed 2H breadline NMR to evaluate the molecular orientation in drawn PPV

films. These investigators observed an orientation distribution which was well

modelled by two superposed Gaussian distributions. Each of the two Gaussian

profiles have essentially equal contribution to the total and have distribution widths

(A/?) of 9.5° and 30°. NMR line shape simulations, though, cannot unequivocally

determine whether each component of the simulation corresponds to a separate

fraction of the material or simply results from a complex distribution of a single

fraction. The direct HREM observations however suggest that the A/3 = 9.5°
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component can be associated with the weI1 oriented ^^^
Probes ordered as W.U as disordered m0,ecu,ar chains, i„forma,io„ regardi„g the
fraction of we,, oriented crystallites can be inferred. Since in ehe NMR simu ,a,io„s
the narrow distribution component constitutes 50% of the ,o,a, i, is reasonable ,„

expect approximated half of the PPV repeat units to exist in well oriented

crystamtes. The remaining 50% of the repeat units might be supposed to exist in

severely misoriented crystallites. Such crystallites however were not observed by
HREM which images all diffracting (, ,0, crystallites regardless of their c axis

orientation. As already stated, for the crysta.lite population observed an angular

breadth of misorientation of only ,5' was seen. I, is thus more likely tha, the broad

distribution component corresponds to PPV chains in the disordered grain boundary

regions.

From the lattice image the individual crystallites sizes can be readily

measured. On the average the crystallites in Figure 6.7 are 5.6 nm in length and 4.4

nm in width with both the lateral and longitudinal dimensions having standard

deviates of 0.9 nm. As can be seen from Figure 6.6 the individual crystallites

not isolated in all cases but may exist closely spaced in clusters. The latter range

size from 5 to 10 nm. In dark field imaging, clusters with crystallites misoriented by

up to approximately ±5° would appear as a single diffracting region since an aperture

of finite size was used. Indeed, the cluster sizes obtained from lattice images agree

well with the size of the diffracting regions in the dark field images. It is important

to note that these results indicate that diffracting regions observed in the dark field

image are not necessarily individual crystallites but could correspond to clusters of

neighboring crystallites having similar but not identical orientations.

The oriented films thus contain equiaxed oriented crystals connected by

regions of disordered chains. The well ordered crystallites make up approximately

50% of the sample volume with the remaining material located in grain boundaries.

are

in
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Because «he disordered chains in ,he grai„ ^ ^^^ ^
dark fieW TEM their orientationa, state remains uncertain. However a tru,y
amorphous phase is no, expeoted beeause of the rigid character of .he PPV chain
Rather «he moiecu.ar chains in ,he grain boundary are Hke.y to exist in a retatively

disordered s,a te with no iong range periodicity. A high degree of co„„ec,ivi ty
between crystabites in the form of tie mo.ecuies is a,so required to be consistent with
.he good mechanics propert.es observed in PPV [57,. Fur ,he r, p re,imi„ary neutron

scattering resubs on tsotropic polycrystalline film, of PPV have indicated tha, a singie

chain traverses many crystallites [145]. Thus, oriented PPV can be thought of as a

highiy connected network of equiaxed crystaliite, Figure 6., , shows a schematic of

this micellar morphology.

The morphological results presented up to this point have all been obtained

from PPV thermally converted from the precursor at 250X. Figure 6.12 shows the

effect of annealing temperature on the crystallite size. Here, as before, the crystallite

sizes have been measured from dark field TEM images. For annealing temperatures

of 200°C or 250°C the crystallite size is in the range of 6.0 - 8.0 nm. At annealing

temperatures of 300'C and 350'C a slight size increase to 10 - 12 nm is noted. At

400°C the average crystallite size is somewhat less than 10 nm. This may be due to

the onset of thermal degradation. Thus, only a slight crystal growth is affected by

annealing at relatively high temperatures.

6.3 Kink Band Morphology

Another feature which is apparent in the dark field images is the presence of

dark bands within the diffracting film as shown in Figure 6.13. Typically these

bands extend from the film edge and are nearly perpendicular to the draw direction.

To determine whether these regions were non-crystalline a tilt-rotate series was

conducted. Neither tilting of the film about the fiber axis nor tilting about the axis
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lying in the plane of the film and perpendicu.ar to the fiber axis changed the

appearance of the da rk field image. However, a rotation of the sample about a vector
normal to the surface or an azimuthal displacement of the objective aperture (see

Figure 6,6) caused il.umination of these regions. Figures 6,3 through 6,5 show the

images resulting from successive displacements of the objective aperture. While

Figures 6,4 and 6,5 are displaced aperture dark field .mages, the displacement is

small (Figure 6.16), and the effect of aberrations on image quality is minimal. Figure

6,3 shows a dark field image of a sample having dark bands. This image was

formed with the objective aperture centered on the (200/110) combined reflection.

At this sample orientation the bands are only slightly darkened. Figure 6.14 shows

the dark field image resulting after a -20° azimuthal displacement of the objective

aperture. Here, the crystallites of the band are illuminated while the rest of the film

is dark. In this position the aperture permits the passage of g(no/MO) beams

diffracted from crystals misoriented by -20° from the fiber axis. For an azimuthal

displacement of +20° the contrast of film and band is reversed, as shown in Figure

6.15.

This series indicates that the bands are crystalline but are characteristic of an

orientational defect. Further, the defect can be identified as a rotation of

approximately 20° about the film normal. This orientational defect is schematically

represented in Figure 6.17. As shown in this figure the orientational disorder is

represented as purely lateral. This is not meant to exclude the possibility of a

component of the displacement normal to the film surface. In fact, there are features

apparent from SEM (Figure 6.2) which suggest the presence of stepped regions on the

surface of the PPV microfibrils. These regions, like the bands observed in dark field

imaging, extend from the film edge perpendicular to the draw direction. Thus while

the band deformation appears to have a large lateral component some evidence exists

for the presence of a component normal to the film surface.
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Kink bands have been observed in other high modulus fibers U46-148] and
are characteristic of a microbuckling response to axia, compressive forces The

As such, these bands may no, be present in bulk film, of PPV bu, may resu,, from
the mechanics action of sampie preparation. The effect of the defection associated

with a 20- misorientation should present minimal resistance to charge carrier

transport. However, if cleaved or sharply kinked chains existed a, these kink band

boundaries then disruptions in the conjugated nature of the chain would occur and

the carriers could be severely impeded leading to low electrical conductivities. Also,

as observed in high modulus fibers [149], the presence of these kink bands suggests a

low compressive strength of PPV in the chain direction.

6.4 Doped PPV

Dark field images were taken of doped PPV films to examine the size and

spatial distribution of the conductive crystals. Figures 6.18 and 6.19 show dark field

images of AsF
5
-doped films. The PPV film shown in Figure 6.18 was doped for 75

minutes. The electron diffraction pattern of this film indicated that the crystallites

imaged with this history still represent undoped PPV. Circular regions of relatively

high electron density appear at this low doping level and are seen as dark regions in

the micrograph. These electron dense regions grow as the doping level is increased.

Figure 6.19 shows a film doped with AsF
5
for 160 minutes. At this point the

electron diffraction pattern is very diffuse. This is thought to arise from the

increased electron density of the doped film and the resulting increased inelastic

scattering. As a result no contrast corresponding to individual crystallites can be

observed in the image. Further, the electron dense regions have increased in size

with the largest ones appearing spherical. This electron dense overlayer is consistent

with the incorporation of arsenic oxides in AsF
5
-doped PPV. Because of the
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propensity of AsF
5
-doped PPV to form an electron dense layer, it was not possible to

obtain dark field images of the doped crystallites even on the thinnest sections.

Sulfuric acid doped samples, on the other hand, were amenable to dark field

study. Figure 6.20 shows a dark field image of H
2
S0

4
-doped PPV. The electron

diffraction pattern shown in the inset confirms the crystallinity and a high degree of

orientation. No indication of undoped regions was apparent from the diffraction

patterns. Further, no electron dense overlayer was observed on H
2
S0

4
doped films.

The 1.04 nm equatorial spacing
( g(1QQ)) characteristic of this complex is seen close to

the main beam. The intense g
(20Q)

reflection at 0.52 nm was used to form these dark

field images. As in the pristine sample, H
2
S0

4
-doped PPV shows small crystallites

evenly dispersed throughout the film. The contrast is in general lower than seen in

the pristine films. On the average the crystallites are 4.4 nm in size with a standard

deviation of 1.4 nm. The resulting conductive crystals, while well formed, are

slightly smaller in dimension than the undoped crystals. Further, the general

morphological character is the same for both pristine and doped films. Thus the

micellar model of the pristine films can also describe the doped morphology.

However, since the doped crystallites appear significantly smaller than the pristine

crystallites the sample volume composed of well ordered doped crystallites may be

less than 50%.

It is clear from diffraction that the doped crystallites observed here

correspond to those seen in bulk films by x-ray diffraction. Recall from Chapters 4

and 5 that some discrepancy exists between the analytical estimate of the doped

complex stoichiometry and that estimated from x-ray diffraction. The x-ray

diffraction results indicate a higher AsF
6
7C

g
H

6

5+
ratio of 1/2. Note that TEM

indicates a significant volume (ie., > 50%) of disordered grain boundary regions. In

light of the microscopy results it is likely that the lower ratio of 1/4 - 1/3 is due to

imperfect complex formation in the disordered grain boundary regions.
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From .he above results conclusions can be drawn concern.ng the physica]

electrically c„„ductive form the prisdne ^ ^^^
.ransformatio, At low doping ,eve ,s (figure^^^ ^
observed in , hi „ fiIm, However>_ ^^^ _ ^^ ^ ^^
bulk f, lm s den10„s t ra te high electrical conductivities. Thns, a, ,„w doping ,eve,s a

continuous conducive pathway mu8, exist a.ong the iength of the fflm. Since the

Pristine crystals appear ,arge,y intact at ,ow doping ieve.s i, is reasonable to expect

hat the grain boundaries are preferentially converted to the conductive phase in the

early stages of doping, leaving ,he bulk of the pristine crystallites unmodified. As
doping proceeds the conductive phase wou.d be expected to grow a, the expense of

the pristine crystallites until only the latter material exists in the fully doped

condition (Figure 6.20).
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Figure 6.1
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Figure 6.2 SEM micrograph of section showing regularity of furrows formed
during mechanical detachment. Stepped regions on the microfibril
surface are indicated by arrows.
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Figure 6.3 Dark field image (g
(1J0/200)

) of oriented PPV (L/L = 8). The
molecular axis is vertical.
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Rocking curve for g(no)
of PPV. A crystal thickness of 7.5 nra w

used in the calculation. The labels A, B, and C correspond to the
crystallites indicated in Figures 6.4 and 6.5. The primed labels
show the intensity after a beam tilt of 0.26°.
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Figure 6.7 High resolution transmission electron micrograph of PPV (draw
ratio = 9.3) showing 0.43 nm lattice fringes. The inset shows the

optical diffractogram from this image.
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Figure 6.8 High resolution transmission electron micrograph of PPV (draw
ratio = 9.3) showing 0.43 nm lattice fringes. The individual
crystallites are outlined.
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Schematic representation of Figure 6.8 showing the crystallite
orientations.
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II

°
" CN>

2 o

U DO

* c
2 °
*a *ow <D

CO £
C C
C3 <D

147



[CHZJ ^

(003) ~
IOU|

~*

Uoo| I

c
CD
00
CD
u.

Q.

CD .H

2 «

2 s

C3

G
CD
(—•

O

DO DO

o
CO

oo
CD

O

CO

II £
O C
«- O

la
II
-o o

-a 2

c a
CD C3

O ~
oo • —

«

S
*

2 O

CD
Ui

00

CO
>-»
u.

U
CO
c

o
CO

oo
CD

O
CO

O

H o
*

CO o
S '

oo a
ii s

•2 g

a
« >^

w
-a

oo d)a t;

rt O

i

148



Figure 6.17 Schematic representation of crystallite orientation in and around
misoriented bands.
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Figure 6.20 Dark field image (g ) of H
2
S0

4
-doped PPV (draw ratio = 8)

I he inset shows the electron diffraction pattern. The (200)
reflection is indicated
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CHAPTER 7

DOPANT PENETRATION IN BULK FILMS

The results of ,he previous chapter have shown ,ha, small equiaxed crystallites

of the doped phase are formed i„ thin films by a nucleation and growth mechanism.

However, in most circumstances it is the properties of Mk films that are of interest.

This chapter describes experimental results concerning the penetration of the dopant

in bulk films. Rutherford backscattering spectrometry has been employed as the

experimental technique.

7.1 Backscattering Spectra

The backscattering spectrum for pristine (or undoped) PPV (C
g
H

6
) is shown in

Figure 7.1. As expected carbon is the nucleus primarily observed. The slight

background near 1.3 MeV may arise from residual S and CI from the precursor

polymer. Although bulk elemental analysis for S and CI indicated trace amounts at

most, the sensitivity of RBS allows observation at the impurity level. No oxygen is

observed in the pristine films.

After doping As and F nuclei are observed in addition to carbon. Figure 7.2

shows the RBS spectrum for a PPV sample exposed to AsF
5
vapor for 5 days. Here,

a significant oxygen peak is also observed even though samples were evacuated to 10"

4 mmHg before doping and all handling was done in an inert atmosphere. The

backscattered particles for all nuclei are observed at their surface energies indicating

the presence of all at or near the doped film surface. Further, for this particular

doping condition the full width at half maximum of As and F peaks are greater than

the instrumental resolution and show low energy tails. Thus, penetration of As and F
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has occurred. The oxygen peak is narrow and within the instrumental resolution

suggesting confinement to the film surface.

Figure 7.3 shows only the As region of the RBS spectra for PPV films

exposed to AsF, vapor for 1 hour, 4 hours, 5 days, and 10 days. At one hour the As

nuclei are confined within the first 60 nm of the film. After a 4 hour doping the

yield of the As peak has increased but the peak displays only a slightly asymmetric

tail on the low energy side. At this doping condition more As has been incorporated

into the near surface layer, indicated by higher yields, without a significant

penetration. As doping is continued to 5 days and 10 days the surface amounts of As

increase again and dopant penetration is apparent. There is a high surface

concentration of As at these long doping times. In fact, the surface concentration is

highest for the 5 day doping. This is attributed to a high concentration of arsenic

oxides at the film surface as will be discussed later. It is important to note that the

As peak profile does not fall off smoothly on the low energy side. At depths below

the surface the yields decrease to a nearly constant region and only then fall off

smoothly to zero yields. The As penetration depth is given approximately by the

scale included in Figure 7.3. This depth scale is calculated using the energy loss

factor for pristine PPV. A more precise determination of the As penetration requires

consideration of As, F, and O incorporation. This will be discussed in reference to

the RUMP simulations. Regardless of the absolute depth scale it is clear that the As

penetration depths for these doping conditions are shallow with respect to the total

film thickness.

The As profiles at 5 and 10 day doping are not characteristic of Fickian

diffusion and imply a more complex diffusion situation. If the diffusion were

Fickian then the As concentration would decrease smoothly from its surface
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concentration, C„ according ,„ the following errQr function^ ^ ^^
from the surface, x, increased [150].

C - Cerfc(x/2vT5t)
(8 )

Here, D is the effective diffusion coefficient and , is the doping time. Clearly,

Fickian diffusion is no, obeyed in this system. Another possibility is Case II

diffusion commonly seen in amorphous polymers [150-154]. In this situation a front

of constant concentration, C;, would exist near the surface and this would be

preceded by a Fickian precursor front. The As profiles observed in this system are

also not characteristic of Case II diffusion. While some region of nearly constant

concentration exists just below the surface a strong surface concentration is also

evident in these doped films indicating a more complex diffusion situation.

In addition to the qualitative evaluation of diffusant profile shape the

diffusion character can be evaluated by comparing the change in integrated amount

of diffusant with time. For Fickian diffusion [150] the diffusant uptake increases as

1/2
t while Case II [154] uptake increases as t. As discussed in section 3.2.5.1 the total

amount of As incorporated into the doped films is proportional to the integrated peak

areas. The As peak area is plotted against doping time in Figure 7.4. After the

initial doping period (1-4 hours) the As incorporation is linear with time to 10 days.

Note that a simple As uptake measurement would indicate Case II diffusion.

However, the profile shape has been directly observed and Case II behavior is

discounted on this basis.

The carbon-oxygen-fluorine region of the RBS spectrum is shown in Figure

7.5 for pristine PPV and for PPV doped for 4 hours and 5 days. As doping proceeds

both F and O yields increase. While the F and O yields are uncertain due to beam

induced degradation the profile shapes are assumed to be unchanged. At 5 days the

F peak exhibits a significant breadth while the O peak is relatively narrow. Thus,

there is preferential penetration of F with O being mainly confined to the doped film
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surface ,aye, The carbon edge appears a, itt surface energy a, .„ doping levels.

The carbon profile shape, however, does suffer a subtle change. The yie.d at the

surface is slightly lessened. As win be apparent from the simulations the decreased

carbon yield is entirely due to a dilution effect; the number of C nuc.ei per unit

volume has been reduced at the surface by incorporation of As, F, and O nuclei.

7.2 RUMP Simulations and Depth Profiles

Computer simulations of the RBS spectra were performed by dividing the film

thickness into many layers and requiring each layer to be chemically homogeneous.

Because of the limited number of layers available in the RUMP program (ie., 25) a

constant layer thickness could not be used to simultaneously fit profile depth and

intensity. Thus, greater thicknesses were used for the deeper layers where the change

in profile shape was more gradual. The same depth protocol was used for all

simulations. The composition of each layer was referenced to the polymer repeat

unit. Thus, each layer had the stoichiometry C
g
H

6
As

x
F
y
O

z
where x,y, and z were

variable. The simulated spectrum was then fit to the data by iteratively modifying

the composition of each layer. Typically, the depth scales in RBS are given in areal

atomic densities (ie., atoms/cm 2
). The calculated atomic density for pristine PPV is

1.008 x 10
23

atoms/cm3
. This value has been used in the conversion from areal

atomic density to depth. The simulated spectrum for the 5 day doped film is shown

by the solid line in Figure 7.2. The entire spectrum is well fit using this approach.

The layer thicknesses and compositions for the simulated 5 day doping spectrum are

shown in Table 7.1. Here the depth is the distance below the surface at which the

layer begins and is given in nanometers.

Using the simulated models as a reference to calculate the variation in atomic

density with layer composition the atomic depth profiles were calculated from the

RBS spectra. Figure 7.7 shows the As penetration for 4 hour, 5 day, and 10 day
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doping, At 4 hours the As profile decreases smoothIy^^ ^^ ^^
repeat to zero a, ,00 „m . For ,he 5 day doping the surface concentration rf Aj

.

near 0.9. This fails steeply to a hnee in the profiie at ,20 am. The concentration a.

the knee is .0.15. At greater depths the As concentration decreases smoothly

reaching the noise level a, 250 „m. The profile for the 10 day doped sample is

Qualitatively similar to the 5 day profile. The surface concentration is 0.6 and falls to

a nearly constant value of 0.22 between depths of 120 - 300 „m. Beyond this depth

the concentration drops smoothly to zero at approximately 800 nm (not shown,.

Atomic profiles for F and O were also calculated. Caution must be exercised

in extracting quantitative information from the F and O profiles since they do suffer

beam induced degradation. For the 5 day doping the F profile is nearly constant

until i, drops to the noise level near 300 nm. ,„ the 5 day doped spectrum the depth

profile of F may be correlated with the As profile in that both As and F are present

to the same depths. The O, on the other hand, is confined to the first 60 nm for the

5 day doping. As such, oxygen can be correlated to As only at the doped film

surface.

7.3 Physical Model of Depth Penetration

Using the elemental information gained from RBS an analysis of the sample

stoichiometry can be attempted. For the AsF
5
-PPV system some chemical binding

information has been previously determined. Wide angle x-ray diffraction of AsF -
5

doped PPV has suggested the presence of As
2
0

5
and hydrates of this oxide to be

formed during doping (see Chapter 4). Presumably, these compounds are formed

through reaction of AsF
5
with residual 0

2
or H

2
0 even though high vacuum and

inert gas environments have been employed. Further, the presence of the AsF
"

anion in AsF
g
-doped PPV has been confirmed using FTIR and XPS. Also, mass

spectrometry of the thermolysis products of doped films has not revealed fluorinated
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hydrocarbons suggesting an absence of fluorinating side reactions in the AsF
5
-doping

process. One simple chemical model can thus be assumed:

<C8
H

6 )m r(C
8
H

6

6+
)x(AsF6 -)]n (As

2
0

5 )
p

.

This model, however, cannot be satisfactorily fit using the RBS data. For instance,

with the 5 day doped sample the elemental surface composition is C
8
H

6
As

9
F
3
0

15
(see

Table 7.1). If all the F and O are assumed to be incorporated in the films as AsF
"

6

and As
2
0

5
respectively then an excess of 2.5 As atoms remains. Further, allowing the

presence of arsenic oxide hydrates worsens the fit. The difficulty here in evaluating

the doped film stoichiometry is partly attributable to beam induced degradation of F

and O.

While the exact chemical composition of the doped films is uncertain the

elemental profiles of O and F show that the arsenic oxides are confined to the film

surface and the arsenic fluoride diffuses into the film. Further, Figure 7.8 shows the

F/As atomic ratio as a function of depth for different doping conditions. This ratio

is calculated from the simulated spectra. For all of the doping times shown the F/As

ratio is less than 2 at the surface. At increasing depths this ratio tends toward 6, the

expected ratio for AsF
6
", even though beam induced degradation of F occurs. The

presence of other arsenic fluoride species (ie., AsF
5
and AsF

3 ) would serve to lower

the observed F/As. As expected, AsF
6
"

is suggested as the dopant anion by the F/As

ratio. Binding of As in the form of oxides is expected to be primarily responsible for

the low F/As ratios at the film surface.

The dopant to polymer repeat ratio can be evaluated from the stable As

profiles. As can be seen from the 10 day doping profile (Figure 7.6c) a region of

nearly constant As concentration exists with 0.25 - 0.20 As atoms per polymer repeat.

Thus, one AsF
g
" anion for every 4-5 polymer repeat units is suggested. This is

consistent with results obtained from PPV electrochemically oxidized using AsF
g
" as

the counterion. The electrochemical behavior is reversible up to an oxidation level of
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25 moio/o
( ie ., 4 PPV repeats per AsF," counterion) [61]. Recall from Chapter 4 that a

similar stoichiometry is also suggested from F/C ratios obtained from x-ray

photoelectron spectroscopy of lightly doped PPV surfaces.

A physical model of AsF
5
-doped PPV is schematically presented in Figure 7.9.

This model is intended to represent only the qualitative features of the dopant

concentration profiles for samples that have been subjected to heavy doping, In the

model an arsenic oxide surface layer exists. Below the surface layer resides a highly

doped layer <C
8
H

6
'*/AsF

e
- = 4-5) and at greater depths the dopant anion penetrates

the undoped polymer as a precursor front. This profile bears some similarity to Case

II diffusion fronts observed in the diffusion of small molecules in glassy polymers

[154]. The polymer doping process, however, is compounded by the simultaneous

diffusion and reaction of AsF
5
and therefore cannot be simply classified as either

Fickian or Case II diffusion.

It is important to realize that the above results apply to specific doping

conditions. Figure 7.9 shows the RBS spectrum obtained after a 1 hour AsF
5
-doping

in the presence of AsF
3

. This was accomplished by holding the dopant at room

temperature. In this way excess AsF
3

is not cold-trapped during doping. As can be

seen from the figure, the dopant penetration in this case is essentially equivalent to

the 10 day doping in the relative absence of AsF
3

. The As surface concentration and

the oxygen concentration suggest a much lower amount of arsenic oxides at these

short times. Further, the profile shapes appear even more similar to those seen in

Case II diffusion. The deeper dopant penetrations at these conditions are attributed

to the plasticizing effect of AsF
3

in AsF
g
doped polymers. This effect has been

previously noted in AsF
5
-doped polyacetylene [102] and poly(p-phenylene sulfide)

[155].
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7.4 Normalized Electrical Conductivity Measurements

As previously stated, the conductivity of bulk films doped in the ma„ner

are not representative of the true materia, properties since the doping is strongly

carriers created by doping wiU only reside „ . relative|y^ ^
Thus, a better calculation is one which takes into account the actual doped layer

.hicKness. Table 7.2 shows the conductivities calculated using ,he e „,ire film

thickness, and the measured doped .ayer thickness, o"°™. For the purpose of
•hese calculations the doped layer thickness has been taken as the maximum
observable As penetration depth. With this calculation an intrins.c conductivity

representative of the actual ability of PPV chains to support charge carrier transport

is estimated. The normalized conductivity, is emulated as 3.5x.0« (n cm)"
for a

.
hour doping and 4.2x,0< (n cm,"' for a 5 day doping. Thus, the normalized

conductivities are considerably higher than the bulk values. These values, while

higher than previously reported PPV conductivities, are close to the highest

conductivities
( „ 10

5
(fl cm)") measured in .,-doped po.yace.ylene [21]. ,f these

normalized conductivities were indeed representative of an intrinsic PPV chain

conductivity then the value should be invariant to doping time. As can be seen from

Table II the normalized conductivity value fluctuates about 4.4xl04
(fl cm)" 1

for all

doping times. Even this calculation, however, underestimates the intrinsic

conductivity since at early stages of doping the surface is not fully doped and at later

stages the precursor front, which is also not a fully doped region, is included. On the

basis of these results a lower limit to the intrinsic conductivity of 4 x 10
4
(0 cm)" 1

is

suggested.
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e • . Table 7.1
Simulated composition of AsF

5
-doped PPV (280 mmHg, 5 days) Each layer ischemically homogeneous with a stoichiometry C H As F O

8 6 x y £'

-Depth ^
nm )

.

arsenic, x fluorine, v oxygen, z

0.0 9.000 3.00
20.0 7.000 3.00
40.0 3.000 3 00
70.0 1.250 3.00
100.0 0.900 3.00
130.0 0.700 3.00
160.0 0.550 3 00
190.0 0.450 2 00
220.0 0.350 1.30
270.0 0.150 0.80
320.0 0.100 0.60
370.0 0.070 0 50
420.0 0.050 0.40
470.0 0.045 0.04
520.0 0.040 0.30
570 -0 0.035 0.25 0 00
620.0 0.030 0.20

15.00

13.00

10.00

3.00

1.50

1.00

0.80

0.70

0.60

0.50

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00
1000.0 0.000 0.00 0.00

670.0 0.025 0.15 0 00
720.0 0.020 0.10 0.00
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Channel

RBS spectrum of pristine PPV. The surface energies for C, O, S,
and CI are indicated. The inset schematically shows the sample
configuration and experiment geometry.
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Figure 7.2 RBS spectrum of AsF
5
-doped PPV (280 mmHg, 5 days) Thesurface energies for C, O, F, and As are indicated. The solid linerepresents the RUMP simulation (see text)
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Figure 7.3 Arsenic region of the RBS spectra for various doping times: (a) 1
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for the As nuclei is indicated (see text).
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Figure 7.4 Integrated areas for As peak as a function of doping time
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Figure 7.5 Carbon, Oxygen, Fluorine region of the RBS spectra for various

doping times: (a) pristine PPV, (b) 4 hours, (c) 5 days. The
surface energies of C, O, and F are indicated.
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CHAPTER 8

CONCLUSIONS AND FUTURE DIRECTIONS

8.1 Summary of Results

The goal of this research has been ,o characterize the physical state of
conductive PPV on levels rangi„g front the molecular crystalline state to hulk filra,

The diffraction experiments have revealed a crys.al-crysta, transition to

accompany the doping reactions. ,„ the undoped state the PPV crystal has a

ntonoclinic habit. Conductive PPV U fonnd to have an expanded orthorhombic nnit

cel. when the dopants are AsF
6 ,
SbF

5 ,
H

2
S0

4
or CIO/. With al, these oxidizing

dopants a 0.33 nm lateral spacing is observed which is characteristic of stacks of

Planar aromatic molecules. Thus, a crystal model is proposed in which the PPV
chains stack one upon the other and these stacks are separated by a plane containing

the dopant anion.

This physical arrangement of PPV chains has important implications for

electron transport. Previous studies, both experimental and theoretical, have clearly

demonstrated that conduction in organic polymers is related to the presence of an

extensively ^-conjugated backbone. This condition is satisfied in PPV and so

electrical conduction within a single chain is easily envisioned. However, electrons o:

holes travelling under the influence of an applied electric field along a single PPV

chain will encounter chain ends and other structural defects. Thus, interchain

electron transport is crucial to the conduction of electricity in PPV. In the proposed

structural model extensive overlap of 7r-orbitals exists between neighboring chains

within a stack. In this way there is a pathway for transport transverse to the chain

axis
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These conducive crystals are no, ,arge. The ,ransm ission electron microscopy
present in Chapter 6 has shown the undoped cr ys ,a,s t0 be on the order

nm and equiaxed. As such on ly 8 . l0 repeat uni(s along , sing|e^ ^
incorporated into a single crvctninto tu angie crystallite. The doped crystallites are also equiaxed and in

the case of H
2
S0

4
doping are somewhat smaller ranging around 4.0 nm. Therefore

even though e,ec,ro„ transport is easily envisioned within the crystallite many grain

boundaries must be traversed as charge carriers trave, through the bulk film.

Within the first hour of AsF
5
-doping the undoped crystals appear .arge.y

unchanged. However, high electrical conductivities are typically observed within

minutes after commencement of the doping reaction. This impiies that the disordered

grain boundaries are preferentially doped a, the early stages. This is reasonable since

the grain boundaries are expected to present the leas, resistance to diffusion. At high

doping levels undoped crystallites are no, observed. Thus, the doped phase nucleates

at the grain boundaries and subsequent grows a, the expense of the undoped crystals

in the thin layers observed by TEM.

The heterogeneous nature of the doping process has also been confirmed by

x-ray diffraction in bulk films. At intermediate doping levels both undoped and

doped phases are observed. Only at high doping levels does the undoped phase

vanish.

The Rutherford backscattering results presented in Chapter 7 have followed

the heterogeneous doping of bulk films. A strong surface effect is observed with

only shallow dopant penetrations. Reaction with AsF
5
yielded a dopant penetration

depth of approximately 1 jttm after a 10 day exposure. The concentration profile is

not characteristic of either Fickian or Case II diffusion. Rather, the profile is

characteristic of diffusion accompanied by a rapid chemical reaction. These results

indicate that the electrical conductivities typically measured on bulk films are only

representative of charge carrier transport in a relatively shallow surface layer. In this
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ue since

60

case ,he conductivity value can only represent a ,„wer limi , to the actual va,

the entire sample thickness is used in the calculation. The spatia, resolution
,

«0 of RBS in PPV auows an accurate measure of the ac.ua. conducting layer

thickness. Using the RBS determined conducting layer thicknesses an intrinsic

conductivity of 4 x 10' fa estimated as a lower .imi, in AsF
5
-doped PPV.

The stoichiometry of the doped complex is not certain. The x-ray diffraction

analys.s indicates a AsF.VC^ ratio of 1/2. However, anaiysis of the surface by
XPS and the bulk by RBS suggest lower values in the range of 1/5 - 1/3. ,„

addition, density measurements of highly doped bulk films indicate higher values

between 1/2 - ,/,. The .ower values may be attributable to imperfect complex

formation in the significant volume of grain boundaries. The high density values

may be due to chemical side reactions forming dense arsenic oxides. In any case, i, is

clear that the reactive nature of the dopants and .he heterogeneous character of the

doping process lead to serious complications in the determination of the doped phase

stoichiometry. The x-ray diffraction results are judged to be the most reliable

estimate of the stoichiometry since thay pertain to well formed regions possessing

long range order.

8.2 Suggested Future Directions

Deeper understanding of the nature of conductive PPV could be gained in a

number of areas. First, the physical arrangement and mobility of the AsF ~
anions

could be studied.
19F NMR should be particulary suitable for this purpose. Second,

the chemistry of H
2
S0

4
doping in PPV needs to be addressed. This dopant is not as

toxic or reactive as AsF
g
or SbF

g
and therefore is a more practical agent. Third, an

extensive study could be initiated to investigate dopant penetration under a variety of

doping conditions. Specifically, the plasticizing effect of AsF, in AsF c -doped PPV is

certainly a topic worth pursuing. Ultimately, this may lead to the fabrication of
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electrical devices emnlovino ppv onP'oyng PPV as an acfve conducing component. ,„ this regard

- -V a-so be important to investigate the abi,i,y ,0 achieve preferred p,a„ar
orientations by precursor po.mer processing. With the doped crys,a, mode, proposed

- ^is s,udy a strong three-dimensional a„iso,ropy shouid resu,, if extensive
preferred planar orientation could be attained.

The morphCogica, study of this conducting po lymer cou.d a,so he furthered
Vo,,ge contrast SEM studies wou.d direc„y image the conductive pathway in a

may a„ow imaging a, a spatia, reso.ution on the order of the crys,a„i,e size in

uncoated conducting po, ymer, This ,ype of s,udy would he important for eva.uating
the effect of grain boundaries and k i„k bands on the eiectrica, conduction process.

Aside from its eiectrica, properties PPV a,so shows promising mechanica,

Properties [57]. As ,horough ly discussed e ,sewhere m ppy . ^
synthesized and processed. Because of its high modu,us and strength PPV fi,ms and
fibers cou,d be effective reinforcing materia,, Further, the undoped po,ymer
possesses functional groups in the form of viny,ene groups a,ong the po,ymer

backbone. Thus, chemical binding of a PPV reinforcing fiber could easi,y be made
to a matrix material.

One further application in the area of PPV composites might be direct

polymerization of a matrix compatible polymer from an SbF
5
- or AsF

5
-doped

surface. As shown by the present study the dopant can be confined to a near-surface

layer. In this way most of the fiber would possess the mechanical properties of

undoped PPV. Lewis acids in general and organic SbF," and PF
6
"

salts in particular

have been shown to be effective cationic polymerization initiators [156]. Contact of

the doped surface with the appropriate monomer would result in the initiation of

polymerization from the PPV surface. Composite materials containing PPV fibers
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from whose surface a„„ther polymer has_ ^^^
matrix-fiber interfacial properties.

When considering the mechanical applications of PPV, however it is

important to note the low compressive strength implied by the ready formation of

Kevlar approbate applications may he ones which primarily retire improvements
of tensile properties.

in summary, PPV is expected to be of practical importance based on its

electrical, chemical, and mechanical properties.
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APPENDIX

STRUCTURE FACTOR CALCULATES FOR THE SIMULATION OF X-RAY
DIFFRACTION PATTERNS

The x-ray intensities diffracted by PPV and doped PPV were calculated

according t0 the following equa,io„s (see refs. [108, and [131, for a fn„ description of
scattering physics).

The total integrated intensity scattered by a orysta.Iographic plane with Mil.er

indices hkt is given by

W = F2PLTm (A|)
where F is the structure factor for the periodic iattice, P is the polarization factor, L
is the Lorentz factor, T is the temperature factor, and . is the multiplicity of the kU
plane.

The structure factor for the periodic crystalline lattice is calculated according

to the following relation.

F
hki

=
Ej fj(2©) exp[27ri(hx. + ky. + iz.)] (a.2)

In eqn(A.2) the summation is performed over all atoms, f.(20) is the angular

dependent atomic scattering factor of the j
th

atom, and x., y., and z. are the
J J J

fractional atomic coordinates. Table A.l lists the fractional atomic coordinates for

the 16 carbon atoms residing in the undoped PPV unit cell. Scattering by hydrogen is

neglected.

The polarization factor accounts for diffraction-induced x-ray polarization

and is given by

P = ( 1 + cos
220 )/2 (A.3)

where 20 is the scattering angle.
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The Lorentz factor is . weighting factor and^ ^^^ ^

fiber symmetric samples the Lorentz factor is given bv th* fmiib given by the following equation.

L
(hko) = J /(sin

2
0cos0)

(A4 j

The temperature factor U descriptive of the deviation of the atom from its

eqml.brium position due to therma! fluctuations and is given by

T = B(sin
2
©/A2

) (A 5)
where B is the Debye-Waller fartnr c„ .uwaller factor. For these calculations the thermal fluctuations

were assumed to be isotropic and a value of 0.2 „m* was used.

As calculated by the above equations the intensity can be plotted as delta

functions a, the appropriate scattering angle. However, for realistic graphical

representations the tota, diffracted intensity was multiplied by the appropriate form
factor. This factor accounts for the diffracting crystallite size and shape. Thus, the

plotted intensity was calculated as

W2e
> W "ki !sinVN.r gVsinVr g)] (A.6)

where r. is the vector representing the J* lattice parameter, g is the reciprocal lattice

vector for the M reflection, and N. is the number of hU planes making up the

crystal in the r direction.
J
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ir . Table A.IFracona, a.om.c coordinates of «h. carbon a.onrs residing in . si„gle „„doped PPV
unit cell.

Atom x_
z

Chain I

c
e

0.130 0.358 0.075

c
2 0.150 0.319 0.273

c
3 0.029 0.101 0.238

c
4 0.186 0.563 0.497

c
5 0.014 0.001 0.429

c
6 0.171 0.463 0.688

c
7 0.085 0.245 0.653

^8 0.070 0.206 0.851

Chain II

<?
0.630 0.706 0.000
0.615 0.745 0.236
0.529 0.963 0.421

c
11

c
12 0.686 0.564 0.279

0.514 1.000 0.649
c

13

0.671 0.601 0.507
c

14

0.585 0.819 0.692
c

15

^16 0.570 0.858 0.928
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*

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c***
c

Program : SFACTOR . FOR

Author: Mike Masse

Abstract
3£c5?lT/£?,

i?5r
the inte3"ted intensities

c3r?ecSd^"« ? <H«»ction. The intensities are

til filtt ™P°lari2atlon and the Lorentz factor
due lo EoSSJTi,1" a

?
plied

- Reduction in intensity
The a?omfc Inllt

thermal vibrations is also performed!
f ifth or L ««T

ring
,

faGtors are belled using a

run thl orL^i
yn0mial

-
The information required to

a^S tit V°q
,l

consists of the unit cell parameters
SSit^oi f

ra°^°nal coordinates of all atoms in the

e^ern^'datffUe?'
0™3^ 011 ^ be held in an

Data file format:

line
line
line
line
line
line
line
line

line 9 to 9+N
8

material identification up to 64 charactersNC
NA
NF
AV(l-3)
BV(l-3)
CV(l-3)

the number of atoms in the UC
the number of carbon atoms in the UC
the number of fluorine atoms in the UC
the vector representation of a
the vector representation of b
the vector representation of c

alpha , beta
, gamma

X(I)
,

Y(I), Z(I) the atomic coordinates, these
should be arranged so that all carbons
are listed, then the arsenics, then the
fluorines.

Subroutines:

1

C
901

BRAGG. FOR: calculates the plane spacing given the
unit cell parameters and the Miller indices

CROSS. FOR: performs cross product of two vectors
FCARBON . FOR: holds the fifth order polynomial

modelling the atomic scattering factor
of carbon

FARSENIC. FOR: ditto for As
FFLUORINE . FOR : ditto for F

Written: November 20, 1987

******************************************

DIMENSION X(100) ,Y(100) ,Z(100) ,AV(3) ,BV<3) ,CV(3) ,ASTAR(3) ,BSTAR(3)
&,CSTAR(3) ,G(3)
INTEGER H,K,L
REAL LZ , LAMBDA , INT , P, FF , ILIM
CHARACTER NAME* 3 2 , NAME2*32 , POLYMER* 64
COMMON A, B,C, ALPHA, BETA, GAMMA
DATA PI /3. 14159/, LAMBDA /1.542/

WRITE(6,*) 'Enter the name of the data file. 1

READ (5, 1) NAME
OPEN (UNIT=2 , FILE=NAME , STATUS= 1 OLD '

)

FORMAT (A3 2)

WRITE(6,*) 'Enter the name of the output file. 1

READ(5,1) NAME

2
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c

c
c
c

OPEH (UHII-3
, ,IIMMB

, STATUS, ,
_ em_9oi

BSJWiS'" the "ini"» «»*—it, ii.it..

READ (2 ,99) POLYMER
99 FORMAT (A64)

READ (2 , *) NC
READ (2,*) NA
READ (2,*) NF
READ ( 2 , * ) (AV(I), 1=1,3)
READ ( 2 , * ) (BV I 1=1 3READ (2 , *) (CV(I i=1 3

c
READ(2,*) ALPHA, BETA, GAMMA

N=NC+NA+NF
DO 2 1=1,

N

READ(2,3) X(I),Y(I), Z(I)
2 CONTINUE '

3 FORMAT (3F8. 3)
CLOSE (UNIT=2)

C

A=SQRT(AV(1) **2+AV(2) **2+AV(3) ** 2 )B=SQRT(BV(1) **2+BV(2) **2+BV 3 **2

c
C=SQRT(CV(1) **2+CV(2) **2+CV(3) **2)

ALPHA=2 * PI *ALPHA/ 3 60.
BETA=2*PI*BETA/360.
GAMMA=2 *PI *GAMMA/ 3 60.

G PRINT HEADER
WRITE (3 , 99) POLYMER
WRITE (3,4)

PICK CRYSTALLOGRAPHIC INDEX

DO 30 L=0,

3

DO 20 K=0, 4
DO 10 H=0,4

J=0
IF(H.EQ. J.AND.K.EQ. J.AND.L.EQ. J) GO TO 10C

C COMPUTE BRAGG ANGLE
CALL BRAGG (H, K, L, D)
THETA=AS IN ( LAMBDA/ ( 2 * D ) )

c ATOMIC SCATTERING FACTOR
W=1/(2*D)
CALL FCARBON(W,FC)
CALL FARSENIC ( W, FA)
CALL FFLUORINE (W, FFL)
F1= 0.
T2=0.
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C STRUCTURE FACTOP
DO 40 I-1,N
F-FC
IF(I.GT.NC) F-FA*DM
NT»NC+NA
IF(I.GT.NT) F-FFL*DM
Fl-Fl+COS(2*PI*(H*X(I)+K*YfTWT*7r T> \ * *«

c
C TEMPERATURE FACTOR SQUARED

DW-2 .

0

C
T-EXP( - 2 - 0 * DWMSIN(2*THETA))** 2/(LAMBDA-2))

C POLARIZATION FACTOR
P- ( 1+COS ( 2 *THETA) **2

) /2C
C LORENTZ FACTOR
C Compute reciprocal lattice parameters

CALL CROSS (BV, CV, ASTAR)
DO 50 1-1,3

50 ASTAR ( I ) =ASTAR ( I ) /VUC
C

CALL CROSS (CV,AV,BSTAR)
DO 60 1-1,3

60 BSTAR ( I ) -BSTAR ( I ) /VUC

CALL CROSS (AV, BV, CSTAR)
DO 70 1-1,3

7 0 CSTAR ( I
) =CSTAR ( I ) /VUC

c
C Reciprocal lattice vector

DO 80 1-1,3
80 G(I)-H*ASTAR(I)+K*BSTAR(I)+L*CSTAR(I)
C
C Modulus

GABS-SQRT (G(l)**2+G(2)**2+G(3)**2)
C

C Angle between G and z
PHI=ACOS(G(3)/GABS)

C
ITEST=ABS (H) +ABS (K)
XLIM=0. 035
IF(ITEST.GT.-1.AND. ITEST.LT. LAND. PHI. LT.XLIM) THEN
Half width at half height, radians( 2 degrees).
HWHH=n _ mnHWHH-0. 03 0

CT=0.815*HWHH
C Lorentz factor for meridional reflection (c and c* parallel)

LZ=1/ (CT*COS (THETA) * (SIN (THETA) ) **2)
C

ELSE
C Lorentz factor for general reflection

LZ = 1/(SIN(PHI) *C0S (THETA) * (SIN (THETA) )
**2)

ENDIF
C
C COMPUTE INTEGRATED INTENSITY

INT=FF*T*P*LZ

PRINT RESULTS „ _ n THT FF LZ,T,P
IF(IMT.GT.ILIM) WRITE(3,5) H , K ,

L, D, INT, TF , LZ ,
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10 CONTINUE
2 0 CONTINUE
30 CONTINUE

CLOSE (UNIT=3)
C

STOP
END
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SUBROUTINE CROSS(A,B,C)

Abstract: This subroutine calculi* «.
of two vectors A anS b 1 cross-product
as vector C

The r6SUlt is returned

****************
DIMENSION A(3) ,B(3) ,C(3)

C(1)=ABS(A(2)*B(3) )-ABS(A(3)*B(2n
C(2)=ABS(A(3)*B(1))-ABS(A 1 *B 3
C(3)=ABS(A(1)*B(2))-ABS(A(2)*B(1))

RETURN
END
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SUBROUTINE FCARBON ( X , F

)

C Abstract: This subroutine calculates the ato.ic
C If t^r fJtCt°r carbon as a Unction
C k,, tt

n( theta )/ lambda, here represented
C Poly^Jarr^to-tH^ ^ati°" il"^i"h order
C Lbles^r ^L5°Dl^r^c^0n:

Sted ^ ^ernational

C Author: Mike Masse

F0=6. 000
A=-2 . 6035
B=-93.440
C=306.21
D—361.61
E=147.36

C

F=FO+A*X+B*X**2+C*X**3+D*X**4+E*X**5
C

RETURN
END
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c***********************..
c **********************************

SUBROUTINE FFLUORINE (X, F)C
C Abstract: This subroutine calculates the atomic
C It sin! IhS»wf ferine as a function
C k fw ( theta

) /lambda here represented

= PolySoJ"iit
e
to' fh

Th
2

i» alifth order

C Author: Mike Masse
c*************************.....
c ******************************************************

F0=10. 000
A=l. 1608
B—136.01
C=362 • 67
D=-375. 34
E=139.06

C

F=FO+A*X+B*X**2+C*X**3+D*X**4+E*X**5

RETURN
END
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c
*******************^

SUBROUTINE FARSENIC (X, F)C
C Abstract: This subroutine calculates the atomic
C

scattering factor arsenic as a function

C Author: Mike Masse

FO=28 . 000
A=1.1538
B=-84 . 842
C=82 .316
D—1.8139
E=-18 .340

C

F=FO+A*X+B*X**2+C*X**3+D*X**4+E*X**5
C

RETURN
END
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c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c*
c

Program : EQINT . FOR

Author: Mike Masse

Abstract This program calculates th^ i n4*M • *.

along the equator f S^tS^Sf ?i
Str*bution

The intensities are ™T f finite size,
lattice stScX^ of the
The intensities are co^recSed for n«?" • ^ faCt°r '

Lorentz factor for eouatnn!? I * Polarization and the
Reduction in intSsiS £f ^ reflections is applied,
is also peSoS Se atn?

ls°tropic thermal vibrations

SfSMS Tn/tVT -K- o£ the
atoms in the unit ceU S^'S?1^ c^rdinates of all
held in an exte^data ^^ info^xon must be

Data file format: (same as for SFACTOR. FOR)

line 9

line 1

line 2

line 3

line 4

line 5

line 6

line 7

line 8

to 9+N

material identification up to 64 charactersNC
NA
NF
AV(l-3)
BV(l-3)
CV(l-3)

the number of atoms in the UC
the number of carbon atoms in the UCthe number of fluorine atoms in the UCthe vector representation of a
the vector representation of b
the vector representation of calpha , beta

, gamma
X(I), Y(I), z(I) the fractional atomic

coordinates, these should be arranged
so that all carbons are listed, then
the arsenics, then the fluorines.

Subroutines

BRAGG. FOR: calculates the plane spacing given the
unit cell parameters and the Miller indices

FCARBON . FOR: holds the fifth order polynomial
modelling the atomic scattering factor
of carbon

FARSENIC. FOR: ditto for As
FFLUORINE . FOR: ditto for F
CROSS. FOR: calculates the cross product of two vectors

Written: March 3, 1988

**************************^

DIMENSION X(100) ,Y(100) , Z ( 100) , AV(3) , BV(3 ) , CV ( 3 ) ,ASTAR(3) ,

&BSTAR(3) ,CSTAR(3) ,G(3) , PHI ( 3

)

INTEGER H,K,L,N1,N2,N3
REAL LZ, LAMBDA, INT, P, FF, Jl , J2 , J3 , JF, IMAX
CHARACTER NAME* 3 2 , POLYMER* 6

4

COMMON A, B, C, ALPHA, BETA, GAMMA
DATA PI /3. 14159/, LAMBDA /1.542/

WRITE(6,*) *Enter the name of the data file.'
READ(5,1) NAME
FORMAT (A32)
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WRITE (6,*) 'Enter the dopant latn„a ^
READ ( 5 , * ) DM

lattice multiplier.'
C

l^
NIT=2

' FILE=NAME , STATUS=
' OLD 1

READ (2, 99) POLYMER
99 FORMAT (A64)
C

READ ( 2 , * ) NC
READ ( 2 , * ) NA
READ ( 2 , * ) NF
READ ( 2 , * ) (AV(I), 1=1,3)
READ ( 2 , * ) (BV(I), 1=1,3
READ ( 2 , *) (CV(I), 1=1,3
READ ( 2 , *) ALPHA , BETA , GAMMA

N=NC+NA+NF
NT=NC+NA
DO 2 1=1,

N

READ(2,3) X(I),Y(I)
/ Z(I)

2 CONTINUE
3 FORMAT (3F8. 3)

CLOSE (UNIT=2)
C

A=SQRT(AV(1)**2+AV(2)**2+AV(3)**2)
B-3QRT(BV(1)**2+BV(2)**2+BV 3 **2
C=SQRT(CV(1) **2+CV(2)**2+CV(3 **2
ALPHA=2*PI*ALPHA/360.
BETA=2*PI*BETA/360.

^
GAMMA=2*PI*GAMMA/3 60.

SKcW..?*" "iner — »
L=0

C
WRITE (6,*) 'Enter the number of planes Nl and N2

:

READ ( 5 , *) N1,N2
N3=50

C

WRITE(6,*) 'Enter multiplicity:'
READ ( 5 , * ) MP

C
C COMPUTE BRAGG ANGLE

CALL BRAGG (H, K, L, D)
THETA=ASIN ( LAMBDA/ ( 2 * D ) )

C ATOMIC SCATTERING FACTOR
W=1/(2*D)
CALL FCARBON(W,FC)
CALL FARSENIC (W, FA)
CALL FFLUORINE (W, FFL)
F1=0.
F2=0.

C
C STRUCTURE FACTOR

DO 40 1=1,

N

F=FC
IF(I.GT.NC) F=FA*DM
IF(I.GT.NT) F=FFL*DM
F1«F1+C0S(2*PI*(H*X(I)+K*Y(I)+L*Z (I) )

) *F
40 F2=F2+SIN(2*PI* (H*X (I ) +K*Y (I) +L*Z (I)

) ) *F
FF=(F1**2+F2**2)
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c
C ^MPERATURE FACTOR SQUARED

T=JEXP(«2.0*DW*(SINr2*TWP^aN
x ^c \>oxsi (-2*THETA)
} **2/ (LAMBDA**2)

)

POLARIZATION FACTOR
P=(l+COS(2*THETA) **2) /2C

C

C
C

C

C

SERSSSS51 INTENSITY

*-2*COS (ALPHA)AiSK^SjiSK^tW )
**2- (COS (GAMMA)

)
**2

CALL CROSS (BV, CV, ASTAR)
DO 150 1=1,3

150 ASTAR(I)=ASTAR(I)/VUC

CALL CROSS (CV, AV, BSTAR)
DO 160 1=1,3

160 BSTAR(I)=BSTAR(I)/VUC
c

CALL CROSS (AV,BV,CSTAR)
DO 170 1=1,3

17 0 CSTAR(I)=CSTAR(I)/VUC
c
C Reciprocal lattice vector

DO 180 1=1,3
180 G(I)=H*ASTAR(I)+K*BSTAR(I)

C Modulus
GABS=SQRT(G(1)**2+G(2)**2+G(3)**

2 )

C SEiSS/XT "^"^ lattice vector and
DO 300 1=1,3

300 PHI(I)=AC0S(G(I)/GABS)
C
C

DE^oL 1^^ 1^ DISTRIBUTI0N USING FORM FACTOR

GMAX= (2 . 0/LAMBDA) *SIN (THETA+DELT)
GMIN= ( 2. 0/LAMBDA) *SIN (THETA-DELT)
DELG= (GMAX-GMIN) /500 .

0

GABS=GMIN
C

DO 400 1=1,500
THETA2=2 *ASIN ( LAMBDA*GABS/2 . 0)
Al=l. 0E-06
Bl=l. OE-06
Cl=l. OE-06

C

DO 500 Mel,

3

G (M) =GABS*COS (PHI (M)

)

A1=A1+(G(M) *AV(M)

)

B1=B1+(G(M) *BV(M)

)

C1^C1+(G(H) *CV(H)

)

50 0 CONTINUE
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INT=IMAX*JF/(N1*N2*N3*1.0E+081
WRITE(3,600) TAN (THETA2

) , INTGABS=GABS+DELG
400 CONTINUE
600 F0RMAT(F14.7,1X,F14.7)

CLOSE (UNIT=3)

STOP
END
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c
c
c
c

Program : COORD . FOR

201

11
C

c

10

12

Abstract
aSoL^TLSSf" ^ C°-di-tes of the
rotation operas

I

*"^lation
initially colinear Cltl ^ Z'a

v
1
!

13 def ined to be
The original sJrJctur? ^

hain axis '

file in the foSa? PT suPPlied in a data
Graphics ProgSS ?S£ ^. by the Mo^cular
to file coordfSt ?Lre^ltln9 .

m°lecule is written
100 atoms in t£ origiJafSIS" Vg^f E°exceeds this limit the h B„ !

the number of atoms
changed.

6 dlraension statment only must be

Written: Mike Masse August 7, i 98 7

*******************

S55T X ' 1001
'

Y<100)
'
2<10 °» »•(»>«) .^(XOO,

, UBELU00,
CHARACTER LABEL* 5 , NAME* 3 2 , REPLY*

1

FORMAT (A32)
OPEN (UNIT=2 , FILE=NAME , STATUS= ' OLD MOPEN (UNIT=3,FILE=' COORD. DAT')

SS^?;;V Enter the number of atoms in

DO 2 1=1,

N

READ(2,3) X(I) ,Y(I) ,Z(I)
FORMAT(3F8.3)

WRITE(6,*) 'Rotation? [y/nl

•

READ (5, 2 01) REPLY
FORMAT (Al)
IF (REPLY . EQ . 'n') GO TO 8

READ( 5 f*
*

' THETA*'
^ ° f r°tation about 2 C^ees) •

CALL TRANSFORM (THETA, T)

DO 7 1=1,

N

XN(I)=X(I) *T(1,1)+Y(I)*T(1,2)
VN(I)=X(I) *T(2,1)+Y(I) *T(2,2)
DO 11 1=1,

N

X(I)=XN(I)
Y(I)=YN(I)

WRITE(6,*) 'Enter the angle of rotation about x (degrees)'
READ (5,*) THETA
CALL TRANSFORM (THETA, T)

DO 10 1=1,

N

YN(I)=Y(I)*T(1,1)+ Z (I)*T(1,2)
ZN(I)=Y(I)*T(2,1)+Z(I)*T(2,2)
DO 12 1=1,

N

Z(I)=ZN(I)
Y(I)=YN(I)
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WRITE(6,*) 'Enter rh=
READ(5,*) THETA

angle ° f rotation about y (degrees).CALL TRANSFORM (THETA, T)
agrees)

DO 13 1=1, N
ZN(I)=Z(I)*T( i ,l)+Xm*TM »t

Z(I)=ZN(I)
X(I)=XN(I)

WRITE(6,*) 'Translation' rv/m iREAD(5,201) REPLY
[7/n]

IF (REPLY . EQ . 'n') GO TO 6WRITE(6,*) 'Enter- r-hl „•
WRiTE(6,*) ' in Angstrom* 7

Qlnates °* the translat ion vector'
READ ( 5 ,

* ) A1,A2,A3

DO 5 1=1, N
X(I)=X(I)+A1
Y(I)=Y(I)+A2
Z(I)=Z(I)+A3

DO 9 1=1, N
WRITE(3,3) X(I),Y(I), Z(I)

CLOSE (UNIT=2)
STOP
END

SUBROUTINE TRANSFORM (THETA , T)DIMENSION T(2,2) ' '

THETA=2*3
. 14159*THETA/360.

T( 1,1) -COS (THETA)
T(l, 2)—SIN (THETA)
T(2,1)=SIN(THETA)
T(2,2)=COS(THETA)
RETURN
END
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c
C Program: DIST.FOR
C
C Abstract: This program calculates theC distances for a set of ^ interatomic

£
by xy2 atomic coordinates ^^T^*C in an external data SSTrttJyg™ be held

s as
|: arss 33 i?i&«— —

c line 3 to 3+NTOT:
oms

C U5 J? }
abel

,
a "«» xyz coordinates in

C be the ;?LS ^ ,

The at°mic label should
C vlr

atomic symbol and the atomic index
the iritis 'Kl^ 13th Carbon 'at

C C13 2 nnn
h6n

n
t
5i

S Une W°Uld aPPea ^ »
c

^AJ 0.000 0.000 0.000
C Written: April 24, 1988 Mike Masse

CHARACTER NAME* 3 2 , LABEL*64
, ATOM(100)*5REAL X(100), Y(100), Z(100)

iU"< 100
> 5

WRITE(6,*) 'Enter name of data file
READ(5,100) NAME

100 FORMAT (A3 2)
C

OPEN(UNIT=2, FILE=NAME
, STATUS- ' OLD

M

READ(2,101) LABEL
101 FORMAT (A64

)

C
C Read data file

READ (2,*) NTOT
C

DO 20 1=1, NTOT
READ(2,102) ATOM(I), X(I), Y(I), Z(I)

20 CONTINUE *

102 FORMAT (A5, 3F8. 3)
CLOSE (UNIT=2)

C
200 WRITE(6,*) 'Enter name of output file 1

READ (5, 100) NAME
OPEN(UNIT=3, FILE=NAME , STATUS= 1 NEW 1

, ERR=201)
GO TO 202

201 WRITE(6,*) 'File of that name already exists, pick another.'
GO TO 200

202 WRITE (3, 101) LABEL
WRITE (3 , *) NTOT

C
C Calculate and distances and print to data file

DO 40 1=1, NTOT-1
DO 30 J=I+1, NTOT
DIST=SQRT((X(I)-X(J))**2+(Y(I)-Y(J))**2+(Z(I)-Z(J))**2)
WRITE(3,103) ATOM(I), ATOM(J), DIST

3 0 CONTINUE
4 0 CONTINUE
103 FORMAT (A5, 1 -

'
, A5 , 3X, F6 . 3

)

C
CLOSE(UNIT=3)

STOP
END
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