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Section 1

INTRODUCTION

The environmental exposure of polymer dielectrics used in

spacecraft to high energy electrons results in the accumulation of

secondary electrons. When the electrostatic potential resulting from

the accumulated charge exceeds the dielectric strength of the polymer, a

breakdown occurs that can interrupt or damage normal spacecraft

function. This spacecraft charging phenomena could be eliminated if

dielectrics with a moderate electrical conductivity were used. At high

potentials, charge would be drawn off at a higher rate than electrons

are accumulated, thus preventing discharge.

A successful material for the moderation of spacecraft charging

problems would thus possess a moderate resistivity, assumed to be about

1012 ohm cm, and the other properties required for space-based use,

including mechanical integrity, environmental resistance, and long-term

stability.

The purpose of this report is to formulate a coherent theory of

conduction in polymers to allow the identification of materials that

have resistivities less then 1012 ohm cm and that meet other

requirements for spacecraft use. The report structure is as follows:

In Section 2 we summarize our results and conclusions. The following

two sections (3 and 4) deal with the contemporary use of polymers in
spacecraft and discuss the effects of the radiation found in the

spacecraft environment on the properties of polymers. The known

conducting and semiconducting polymers are discussed in Section 5 and

their suitability for use in space is discussed in Section 6. The next

two sections summarize contemporary models of the conduction process

(Section 7) and present a generalized model for conduction in organic

polymers (Section 8). The final two sections (9 and 10) discuss the

implications of this model on the design of new or modified electrically

conducting polymers and the important questions concerning polymer

conductivity that remain to be answered by future research.

.. . . . . . . .
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Each of these sections is largely self-contained. We hope that,

for example, an engineer can use the results of our material evaluation

in Section 6 without becoming embroiled in the polymer structures

presented in Section 5 or the discussion of polymer conductivity in

Section 7. Similarly, we hope that the chemical community will benefit

from our conclusions concerning structure-property relationships in

Chapter 9 without necessarily digesting the information about the

applications of polymers discussed in Section 3. For convenience, our

results and conclusions are summarized in the following section.
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Section 2

SUMMARY AND CONCLUSIONS

Despite the extensive range of polymer compositions and structures

that have been investigated over the last 50 years, there is no good

theoretical model for conductivity or empirical correlation between

polymer structure and electrical conductivity. One reason for this is

that polymers possess a heterogeneous degree of inter- and

intramolecular order. Good models exist for crystalline and amorphous

semiconductors which represent two extremes in structural order.

However, no good model exists for materials with intermediate degrees of

order.

Various polymer conductivity phenomena can be explained by

introducing the inhomogeneous transport of charge through ordered

regions with periodic differences in composition. These disparate

phenomena include the dramatic effect of oxidizing agents or dopants on

conductivity, mobilities ranging over TO orders of magnitude, a metallic

thermopower, and a temperature dependence cf the conductivity indicative

of a variable-range hopping mechanism.

In spacecraft applications a relatively small set of commercial

materials are used to fulfill a specific set of functional

requirements. Generally, the relationships between molecular structure

and material property (e.g., thermal stability, radiation resistance,

strength) are better known than the dependence of conductivity on

structure, so there is considerable lattitude in which to design new

materials or to modify known polymers. To identify these modifications,

we have brought together data reported in the literature concerning the

molecular structure and electrical conductivity of nearly 250

polymers. These data indicate that inhomogeneous transport between

localized states is responsible for the temperature, dopant, processing,

and structure dependence of conductivity in organic polymers. The

structural features favoring conductivity include:

3



The inclusion of inert fillers does not alter the average dose

received by the polymer binder, but aids in the retention of strength as

the polymer binder degrades. Organic fillers, such as cellulose fibers,

may deteriorate faster than the main polymer and accelerate its

radiation damage. Similarly, many plasticizers that are sensitive to

radiation enhance radiation damage of the base polymer.

Stabilization can also be built into the base polymer by

copolymerizing an aromatic monomer with the maJor monomer constituent.

Conclusions

The chemical structure controls the behavior of polymers under

irradiation. Crosslinking or scission is the major effect of radiation.

Crosslinking generally improves the physical properties of the

polymer. It increases the tensile strength, Young's modulus, and

softening temperature, and decreases solubility, elongation, elasticity,

and viscous flow. It may cause embrittlement; it reduces crystallinity

and therefore increases the light transmission of the polymer.

Degradation or scission has the opposite effect. It usually

decreases the tensile strength, Young's modulus, hardness, and softening

temperature and increases elongation and solubility.

Selective additives can minimize radiation damage. Nonpenetrating

radiation can be used to harden the suface of a polymer, leaving the

base soft and pliable. Another polymer can be grafted to the surface of

the original polymer to modify its properties. Surface treatment with

radiation may make a polymer more receptive to different types of dye.

Permanent changes in the electrical resistance of polymers can be

produced by radiation damage. En addition, radiation yields ionic

products, which reduce the electrical resistance by several orders of

magnitude. During irradiation, electrons are excited to a free state,

the conduction band, and produce photoconduction. The electrons may

become loosely bound at trapping sites within the polymer and will

affect the resistivity of the polymer for different periods of time

after irradiation. These loosely bound, trapped electrons produce

17



production of free radicals is independent of the mobility and dependent

on the intensity of the radiation. The radical recombination reaction

competes with other reactions such as crosslinking or scission. At a
given radical production rate, the crosslinking rate is decreased by
lowering the temperature. Both the rate of crosslinking in polyethylene

and the rate of scission in polyisobutylene are strongly dependent on

the temperature. 9 ,10 However, scission and crosslinking do not increase

at the same rate with temperature.

If the irradiated polymer is partly crystalline, the free radicals
formed within the crystalline regions remain firmly trapped because the

mobility of the polymeric segments is low in these regions, particularly

at low temperatures. The free radicals formed in the amorphous regions
of the polymer can be readily used in chemical reactions, such as

crosslinking or grafting, whereas those trapped in the crystalline areas
can react only at elevated temperatures when most of the crystallites

have melted.

The presence of oxygen during irradiation has a pronounced effect

on the radiolysis of polymers. Materials that normally crosslink under

irradiation can be degraded in the presence of oxygen. The effect

depends on the physical state of the polymer. For example, thin films

or powders of the polymer are greatly affected because the oxidation

process is diffusion controlled. The radiation-induced degradation is

also enhanced by the presence oxygen.

Commercial polymers may contain impurities and additives such as
stabilizers, plasticizers, and antioxidants that can appreciably alter

the radiation-induced changes. Active additives, such as those
containing aromatic rings, act as energy sinks when incorporated into a

polymer and improve the radiation resistance of the polymer. For

example, the radiation-induced scission of polymethylmethacrylate is

significantly reduced by incorporation of aromatic compounds, such as
hydroxyquinoline and naphthalene, in the polymer. 11 The degree of

protection is a function of the concentration of the additive, and this
protection is attained without linking the additive to the polymer.

16



in polystyrene, 5 and thereafter it was studied in many other polymers.

It is assumed that conduction electrons become trapped in localized

traps, from which they can be released by thermal energy. The release

of the electrons can be measured by recording the current flowing

through the sample. The dependence of induced conductivity and the

subsequent decay on temperature and dose rate have been

investigated.6'7 The photo-conductivity a varies with dose I according

to the following relationship:

a RIA

where has a value between 0.5 and 1 and that is characteristic of a

given substance and ft is a proportionality constant. A general theory

of induced conductivity in solid insulators was developed by Fowler.7

Materials with A = 1 show induced currents that are independent of the

temperature and that have short decay times; materials with A =0.5 show

induced currents that increase rapidly with temperature and that have

much longer decay times. The theory indicates that the first class of

materials has a uniform distribution of traps and that the second class

has an exponential trap distribution.

Spark discharges are produced when polymer blocks are irradiated

with a uniform beam of energetic electrons. The electrons are stopped

in the block and a negative space charge builds up in the polymer. If a

grounded-point electrode is pressed against the sample, a spark

discharge occurs. For higher radiation doses, such discharges occur

spontaneously and are often initiated by local defects in the sample.

Under proper conditions, a characteristic discharge pattern builds up in

the polymer. This phenomenon has been studied by Gross 8 for

polymethylmethacrylate. Similar patterns have been observed in other

polymers on irradiation at low temperature.

Other Variables

Reactions involving free radicals are affected by anything that

changes the mobility of the species, such as temperature. The rate of

15



'able 4-1

SOME COMM4ON CROS SLINKING AND DEGRADING POLYMERS

Degrading Polymers Crosslinking Polymers

Paolyethylene Polyisobutylene
+CH 2-CH 2+ CH3

Paolypropylene .C 2-C1
+CH -CH4 CH3

CH 3  Polymethacrylic esters

Polvacrylic esters GB3
+CH 2-CH1 +CH 2-C4

COOR COOR

Pa lyacrylamide Polymethacrylamide
+CH -CH+ CH

CONH 2  JCH 2-C4

Polyvinyl chloride CONH 2
I 2 -1H Polytetrafluoroethylene (Teflon)

Cl JCF 2 -CF 24

Polystyrene Poly(vinylidene chloride)
fCH 2-CH4 Cl

C6H5  {C 2-Cj

Polvethyleneterephthalate CI

9 r, -C H GB 04 Polv(ca-methylstyrene)
fC -- CCH2 2H0

CH-
Nylon ,3
{NH(C11?) NHC4CH )C4 +CH -C4

0 GB6H

Polytrifluorochloroethylene

Cl1
1F

F F

14



product could be a low molecular weight liquid.

Both crosslinking and degradation may occur in the same polymer

during irradiation, depending on its chemical structure. Polymers with

tetrasubstituted or halogenated carbon atoms in the main chain, such as

polyisobutylene and polyvinyl chloride, undergo scission; those

containing at least one hydrogen on a carbon adjacent to a methylene

group, such as polyethylene, tend to crosslink. Polymers containing

aromatic substituents, such as polystyrene, resist radiolysis because of

the deactivation produced by the aromatic group. Table 4-1 lists some

common polymers that predominantly crosslink or degrade under

irradiation.

Most polymers change colors during irradiation. These ihinges

depend on the structure of the polymer, the irradiation temeprature, and

the type of radiation. The color is also affected by trace amounts of

additives pressent in the pnlymer and varies for irradiations performed

in vacuum and in air. 3 The discoloration is attributted to the

formation of conjugated double bonds in same polymers and also to

trapped free radicals, electrons, and ions.

Gas evolution has been observed during irradiation of all

polymers. The composition of the gas evolved varies with the nature of

the polymer, the type of radiation, the dose rate, and the irradiation

conditions. Hydrogen makes up 85% to 95% of the gas evolved from

irradiation of polyethylene;4 the other constituents are low molecular

weight hydrocarbons. When bulky pieces of certain polymers are

irradiated, the evolved gases often remain trapped in the polymer and

produce an internal pressure. This internal pressure causes stresses

and strain that lower the impact strength of the material. Sometimes

the internal strain produces cracks in the sample and causes its final

disintegration.

The electrical conductivity of polymers increases significantly

under irradiation. The electrons and ions produced during irradiation

can move in an electric field, and the current flowing is a measure of

the radiation-induced current. This effect was first observed by Farmer

13



of radiation used, "equal amounts of energy absorbed produced equal

changes in the properties of' a polymer."2 This is not entirely true,

however, because it is not always possible to expose a single material

to different types of radiation under identical conditions. For

example, there is no difference in the reaction mechanism of high energy

electrons with solid polymers and Y-rays with solid polymers. Both

types of radiation lose most of the energy through ionization and

excitation and cause very few displacement of atoms by recoils.

However, the electron is completely stopped in the surface (A1 mm) of a

relatively thick sample, whereas the photon will penetrate deeper into

the material. Moreover, if oxygen is present, the electron effect,

being concentrated on the surface of the sample, will be greatly

enhanced. Because external conditions have such a pronounced influence

on the nature of radiation effects, the assertion that equal amounts of

absorbed energy produce equal changes applies only for changes produced

by a single radiation type, except under very carefully controlled

laboratory conditions.

Chemical Structure

The main effect of high energy radiation on organic polymers is to

produce ionization and excitation. Subsequent rupture of chemical bonds

yields polymer chain fragments, which may hold unpaired electrons from

the broken bonds. The free radicals thus produced may react to change

the chemical structure of' the polymer and alter its physical

properties. Depending on its chemical structure, the polymer may

undergo crosslinking or Scission.

Crosslinking increases the molecular weight of' the polymer,

decreases the solubility, and increases the softening temperature. As

the radiation does increase , branched chains form and, finally, a

tridimensional network results. As the density of' the crosslinks

increases, a soft, amorphous polymer will become rubbery, then hard and

glassy.

In contrast, when the polymer suffers scission or degradation, its

molecular weight steadily decreases with radiation dose, and the final

12



Section 34

POLYMERS IN THE SPACECRAFT ENVIRONMENT

Many spacecraft applications of polymers require their direct

exposure to the space environment. The primary constituent of that

environment responsible for spacecraft charging is high energy electrons

although the effects of ultraviolet radiation, cosmic rays, and

particles must be acknowledged. The consequences of this exposure and

the control of charging were studied in several experimental missions

(SCATHA, DSCS-III, ISEE-I, ATS-5, and ATS-6). In this section we

suimmagrize the interactions between the various types of high energy

radiation and polymeric materials and the results of these interactions.

Effect of Radiation on Solid Polymers

Since the early work on the electron-induced vulcanizatio~n of

rubber by Newton1 in 1929, numerous and extensive studies have been

conducted on the effects of radiation on polymers. We reviewed a large

amount of the literature to correlate the available data, and in the

following sections we summarize the radiation effects on polymers, then

discuss the specific data available on the radiation-induced

conductivity of various polymers.

The radiation-induced changes in the physicochemical properties of

polymers are influenced by the type of radiation, the chemical structure

of the polymer, the polymer's physical state during irradiation, arnd the

irradiation conditions (such as temperature, atmosphere, and radiation

intensity).

Type or Radiation

Different types of radiation have been used to study the effect of

radiation in polymers. These included x-rays and y-rays, accelerated

high-energy electrons, accelerated ions, and mixed radiation (y-rays and

neutrons) from nuclear reactors. Results of tests conducted under

identical conditions led to the conclusion that, regardless of the type



materials and experimental polymers with unusual electrical conducting

properties were evaluated according to those criteria. Few appear to be

suitable for immediate off-the-shelf use, and more experimental data are

needed to better evaluate the majority of semiconducting and conducting

polymers for space-based applications.

References

1. J. Rittenhouse, J. Singletary, Space Materials Handbook, NASA-SP-

3025, 1968 Third Edition, AFML-TR-68-205, AD 692353 (1966).

2. Proceedings of the Spacecraft Charging Technology Conference, C. P.
Pike and R. R. Lovell, Eds., AFGL-TR-77-0051 (1977).

3. Spacecraft Charging Technology - 1978, R. C. Finke and C. P. Pike,
Eds., AFGL-TR-79-0082 (1979).
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process used to select materials for terrestrial use. The space

environment, however, necessitates certain additional qualities. For

example, the temperature extremes to which spacecraft materials are

exposed can range from +250 to -2500C (excluding launch conditions).

The presence of volatile components is extremely undesirable because

they will "pollute" the spacecraft and its environs. Exposure to high

H energy and solar radiation is considerably higher then is commonly

encountered in terrestrial applications. Furthermore, the materials

must be durable because replacement of components is impossible if not

prohibitively expensive and useful lives of up to ten years are

expected.

In Appendices C and D we summarized the ratings of commercial

plastics for use in structural applications and as dielectrics,

respectively. As the ratings indicate, selections can seldom be based

on absolute evaluations but frequently involve a tradeoff of relative

strengths and weaknesses.

To provide a more specific standard against which contemporary and

* experimental materials may be judged, we have, in Appendix E, compiled a

list of materials that are used in spacecraft or are candidates for use

and evaluated their properties based on the materials requirements

listed in Appendix A. Whenever possible, literature references are

fl supplied; our estimates are unreferenced.

One interesting way to use these data is to compare the properties

of materials already in Use with those of polymers with unusual

electrical properties. Note that very few of the properties relevant to

3 space-based use have been measured for these conducting and

semiconducting polymers. Experimental assessment of the use of these

materials in reducing spacecraft charging will require that these

properties be measured with some precision.

Our review of polymer use has indicated a wide range of

applications and properties, yet a relatively limited number of

materials are actually used. Generic description of the requirements of

specific applications have been formulated. A range of contemporary

9



coatings. Because these materials are frequently exposed to temperature

extremes and directly to the space environment, the absence of volatile,

low molecular weight components is particularly important.

Low volatility is also a stringent requirement for materials Used

as lubricants, adhesives, and sealants. Because these materials are

Usually applied as a liquid or must remain soft during use, care must be

taken to eliminate all volatiles in assembly. Often this can be

achieved by complete curing or by heating under vacuum to remove

residual solvent or monomers. The mechanical and thermal properties

will vary considerably between applications. A structural adhesive for

bonding metal parts Must Possess properties comparable to those for the

secondary structural components. The properties Of sealants and

elastomers are generally very sensitive to temperature, so knowledge of

the temperature extremes is essential in selecting a materials.

It is apparent that organic polymers are used in a wide variety of

spacecraft applications requiring specific properties. However, all

these materials are dielectrics and represent a potential source of

electrostatic charging and electromagnetic interference; therefore, the

designer Must be aware of their electrical properties as well. The

causes and consequences the spacecraft charging phenomena are discussed

in detail in the proceedings of two conferences on the subject.2'3 To

aid in the selection or design of improved materials, we compiled a list

of typical properties that materials Used in these applications must

Possess. The properties and their reported values were compiled in

Appendix A on the basis of function (e.g., strength retention over a

given temperature range) and on the basis of distinctions drawn between

materials that were successfully used and those that were rejected for a

given application. To aid in the evaluation of new materials, the

standardized ASTM test methods relevant to each property are compiled in

Appendix B.

Commercial Materials Used in Spacecraft

The process for selecting spacecraft materials is similar to the



7 0 Thermal control including insulation and radiative surface
coatings.

Material Requirements

The use of organic polymers in structural applications is

increasing rapidly because of significant weight savings. Concomitant

advances in the development of thermoset and thermoplastic resins with

improved high temperature/environmental resistance are just beginning to

have an effect on the design of aerospace components. Load-bearing

structures (e.g., booms, spars, vertical and horizontal stabilizers)

typically are expected to possess tensile strengths of 100 MPa, moduli

of 3,000 to 5,000 MPa, heat distortion temperatures in excess of 500 K

and, compressive and shear strengths of from 50 to 100 MPa. In these

structural roles, both unfilled resins and fiber-reinforced resins

display strains-at-break of 2% to 5% and low (< 10- 5 ) thermal expansion

coefficients. A wide range of polymers are used in secondary structural

roles for which moderate strengths (20-50 MPa) and moduli (500 to 1000

MPa) are required and strains-at-break of up to 5% are encountered. The

temperature extremes to which these structures are exposed is narrower,

from 150 to 350 K, approaching the glass transition or heat distortion

temperatures. Although for most purposes these polymer materials can be

considered as insulators, environments where exposure to ionizing

radiation is severe require more careful distinctions to be drawn.

Tolerance to exposures exceeding 109 rads without significant

degradation is generally required for spacecraft materials. These

distinctions are particularly important in the choice of materials whose

primary function is to perform as an insulator or other dielectric

material.

Polymers for thermal control include fairly specialized functions

such as thermal insulators, ablative materials, and surface coatings to

maximize the reflection of sunlight and the radiative cooling of the

satellite. Thermal stability, heat capacity, and thermal conductivity

are of primary concern in these materials. Mechanical properties are of

secondary concern since these materials are usually applied as

7



[7-

Section 3

POLYMER USE IN SPACECRAFT

This section consists of three parts. The first describes the

general applications in which polymers are used in spacecraft to

illustrate the diversity of materials and properties encountered. The

second contains a set of generic material requirements for each of the

applications discussed. Although these descriptions may not be exact

for each possible example, they provide a set of baseline properties for

comparison with new materials. The third section summarizes the types

of commercial materials used in these applications. In reading material

specifications, one is struck by the fact that although many

formulations may contain a readily available polymer (e.g.,

polystyrene), few materials with alternative molecular structures and

comparable thermal and mechanical properties have been evaluated.

Our objective in preparing this section was to provide the reader

with a functional description of specific applications, an example of

the materials used, and a sense of the range of molecular structures

that could be used. The following text is an introduction to the bulk

of the data in Appendices A through E.

Functional Applications of Polymers

A series-by-series (e.g., Explorer, Pioneer, Nimbus) description of

the polymeric materials used in spacecraft can be found in the Space

Materials Handbook,1 which illustrates five general categories of

applications:

• Structural polymers including films, casting resins, fibers,

and matrix resins.

• Electronic applications including insulation, circuit boards
encapsulants, and standoffs.

* Adhesives, sealants, and elastomers.

* Lubricants, both solid and liquid.

6



aerospace vehicles and valued for their strength, radiation resistance,

and thermal stability.

A third possibility is the use of modifications of the four most

highly conducting polymers: polythiazyl (SNx), polypyrrole (PP),

polyphenylene sulfide (PPS), and polyacetylene (PA). The high

conductivities of these katertals in their doped "metallic" state is

indicative of an electron delocalization that is incompatible with

chemical or thermal stability. Undoped materials display nearly

semiconducting (1010_1012 ohm cm) resistivities that are believed to be

adequate for protection from spacecraft charging. Very little

mechanical property data are available for these materials, and more

work needs to be done if they are to be qualified for spacecraft use.

Finally, there are new polymer compositions that meet the four

criteria summarized on the previous page. We explored the synthesis of

these compounds and have found several that have the desired electrical

properties in addition to being mechanically strong, stable, and easily

processed into films, fibers, and castings. Many of these polymers are

structurally similar to the more radiation-resistant polymers and may

represent a new class of materials for use in minimizing the problem of

spacecraft charging.

This study has uncovered many questions concerning conductivity in

organic polymers, its relation to molecular structure, and its

application to problems as diverse as spacecraft charging, and molecular

electronic devices. The basic methodology used (i.e., correlating molecular

structure with mechanical, thermal, and electrical property data) has

provided guidelines for the selection of spacecraft materials and insight

into the mechanisms responsible for polymer conductivity

5
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0
* A polymer backbone containing medium-range (10-50 A) electron

delocalization.

Molecular orbital structures capable of stabilizing radical
ions, particularly heteroaromatic rings containing nitrogen and
sulfur.

* Few or no pendant groups to interfere with close intermolecular
packing and alignment.

* Ability to form partially oxidized (or reduced) complexes with
intercalated low molecular weight species.

On the basis of these general descriptions, several contemporary or

readily modified materials have been identified that we believe have the

requisite conductivity to reduce spacecraft charging and the physical

properties necessary for application in spacecraft.

One example is polyvinylcarbazole (PVK), which has good thermal

stability, radiation resistance, mechanical properties, and is a good

semiconductor. It has been extensively investigated as a photoconductor

and can be doped with additives or its molecular structure can be

altered to control its conducting properties. Development of more

highly stereoregular PVK could increase its thermal stability by 500 to

100 0C, making it useful as a primary structural material for direct

exposure to the space environment.

A second potential class of materials are the pyropolymers

including pyrolyzed polyacrylonitrile (PAN), pyrolyzed aromatic

polyimides (e.g., Kapton), and polyacene quinone radicals (PAQRs). The

electrical properties of pyrolyzed PAN and Kapton have been studied in

some detail. Although their molecular structure after pyrolysis is

relatively unknown and very little mechanical property data are

available in the literature, they appear to be of considerable potential

in reducing spacecraft charging phenomena. Carbonized PAN fibers are

the primary source of high-strength carbon fiber, which is widely used

in the aerospace community, so it is reasonable to believe that a

pyrolyzed PAN or polyimide would have significant strength and

stability. Kapton film and other polyimide resins are already used in

.4
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optical coloration similar to the color centers in ionic crystals.

Color changes are also attributed to the free radicals produced by

the radiation-induced rupture of polymer molecules. In addition, color

is produced in the polymer by the conjugated double bond systems formed
during irradiation. These conjugated systems have electron excitation

in the visible spectral range that causes discoloration and reduction of

light transmission.

Radiation-Induced Conductivity in Polymers

As indicated in the preceding section, the electrical conductivity

of polymer increases significantly on exposure to high energy

irradiation. The study of this effect is of great importance,

particularly in relation to polymers used as electrical insulators or in
spacecraft where they are exposed to high energy irradiation. In the

context of this report, however, radiation-induced conductivity is

considered as a separate and distinct topic apart from polymer

conductivity in general. It can be highly localized and transient and

therefore is unlikely to provide relief from spacecraft charging

phenomena.

The first systematic study on the radiation-induced conductivity in

plastics was conducted by Fowler and Farmer.12 Since then the

radiation-induced conductivity in various polymers has been evaluated,

and some of the data are presented below.

Polyethylene (PE)

The radiation chemistry of PE has been extensively studied.13'14

Although its chemical formula indicated that PE is simply a long-chain

molecule consisting of methylene groups, the structure of PE is rather

complex. Conventional low density PE, prepared by free radical

polymerization under high pressure, consists of long-chain molecules

containing a few long branches and many short-chain branches. The PE
prepared by the low pressure polymerization process is a linear

unbranched polymer of high crystallinity (85-95%) and density. The low
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density PE is about 505 crystalline. Because of these differences in

structure and crystallinity, the radiation effects for the two types of

PE are not the same.

The presesnce of trapped electrons in y-irradiated PE in the dark

at 77 K was demonstrated by Keyser et al.1 5,16 by electron spin

resonance (ESR) studies. The concentration of trapped electrons in PE

as a function of radiation dose was investigated by Keyser7 for

irradiation doses up to 6 x 1019 eV/g. The concentration increased to a

maximum at 3 x 1019 eV/g and thereafter decreased with further increase

in dose. At doses below 0.5 x 1019 eV/g, the trapped electron

concentration increased linearly with dose, yielding a limiting value of

G(et-) = 0.46 trapped electron/100 eV at low doses for linear PE (Marlex

6050). The corresponding value for low density PE (Alathon 1414) was

0.12 trapped electron/t00 eV. The fact that the linear PE showed a

significantly higher G(et) than the branched PE led Keyser et al. 15 and

Keyser and Williams 16 to propose that the trapping site is associated

with the crystalline regions of the PE. However, the nature of the

electron trap (e.g., voids, holes, cavities in folded chains, or crystal

defects) is still controversial.

The conductivity induced in PE by x-ray and y-ray irradiation has

been measured by Fowler and Farmer.12,18 The equilibrium-induced

current, i, in PE was dependent on the dose rate, R, according to the

following relationship:

i ER

The value of L was 0.8 t 0.05 for PE over the range of R = 0.05 to
30 rad/min and between 200 and 800C (x-rays of 220 KV were used). This

value is in agreement with some of the A values obtained by other

investigators as shown in Table 4-2. The activation energy for the

radiation-induced current in PE was found to be 0.3 to 0.4 eV, and the

corresponding activation energy for dark conduction or static

conductivity was 1.5 eV. The induced current was almost independent of

19
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the temperature below -4O°C. Above this temperature the induced current

i increases with temperature, T, according to the relationship

i 0 exp(-E/kt)

In the low temperature range, the induced conductivity is due to charge

carriers, mainly electrons, activated by the irradiation; at the higher

temperature range, the thermally released trapped carriers contribute

significantly to the conductivity.

Polytetrafluoroethylene (PTFE) or Teflon

Teflon is one of the most inert materials, but it is extremely

sensitive to radiation. Its mechanical properties deteriorate rapidly

by irradiation in the presence of air; in the absence of oxygen, much

less radiation damage occurs.2
6

The radiation-induced conductivity in PTFE has been extensively

studied. Results of measurements made on the x-ray- and Y-ray-induced

conductivity in PTFE are shown in Table 4-3. PTFE compares with PE, in

the value of A increases at low temperature. Such variations in the

value of A are consistent with the model of exponential distribution of

traps in depth, postulated by Fowler.7 The conductivity of Teflon was

found 25 to be greater than that of PE during irradiation and was found

to have a very long time-decay constant.

Polyfluoroethylene Propylene or Teflon FEP

Gross et al. 2 8 measured the conductivity induced in Teflon FEP by

x-rays at atmospheric pressure. The current induced by a radiation

intensity of 100 rads increases initially with time, reaches a maximum,

then decreases. A steady-state value is reached after 1 hr of

irradiation. Radiation-induced polarization or space-charge effects

could not be detected. After termination of irradiation, there is a

fast initial decrease of the induced conductivity, followed by a gradual

decay, similar to that described by Fowler.7 This gradual decay is

influenced by the exposure preceding the measurement.

21
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The radiation-induced conductivity in films of Teflon FEP is

significantly reduced after the film is exposed to massive doses (100

Mrad) of electron bombardment.2 9 These high doses cause radiation

hardening of Teflon. The radiation-hardened Teflon can store a

considerably larger amount of negative charge in vacuum than the

nonhardened material. This stored charge is released within a short

time, when the irradiated sample is brought up to air pressure. The

experiments were conducted in a high vacuum of 10- 5 torr. This charge

release occurs partly as internal discharges in the dielectric at

pressures below 1 torr and partly as continuous charge release at higher

pressures. The radiation hardening of Teflon ressembles similar effets

observed in semiconductors.

The electron radiation-induced conductivity in Teflon FEP was also

studied by Gross et al. 3 1 with partly penetrating electrons of a 40-keV

beam and Teflon films 2.5 x 10-3 cm thick. The observed buildup and

decay of the radiation-induced conductivity was explained by a

"generalized box model" using a time-dependent conductivity a(t) = 00(1

- e)1". where ao is steady-state conductivity and T. is the time

constant of the radiation-induced conductivity (RIC) buildup. The

values of 6 and the RIC for Teflon FEP are shown in Table 4-4.

Polystyrene (PS)

PS is one of the most radiation-insensitive polymers; very large

doses are required to produce any noticeable effect. A long time-

constant of recovery for the x-ray-induced conductivity in PS was

observed by Fowler and Farmer.2 0  The dependence of the induced

conductivity on temperature and dose rate during and after irradiation

has been investigated.7,26 Some of the values obtained are shown in

Table 4-5.

The time-constant of decay varies slowly with temperature, showing

the similarity between PS and PE and PTFE. At temperatures below 70oC

the current first falls rapidly, but after a few minutes it falls more

slowly. The current remaining after a few minutes is proportional to

1/time, as for PE and PTFE. The magnitude of the induced current is
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smaller than for these two polymers.

Polyethylene Terephthalate (PET) or Mylar

In early studies on the radiation effects on PET, Charlesby
3 2 found

that PET crosslinks at high radiation doses, whereas Todd3 3 reported

degradation; both irradiations were conducted in air. The predominant

reaction is croslsinking, but because of PET's high concentration of

phenyl groups, the radiation effects occur with a low yield.

The magnitudes of the static and x-ray-induced conductivities in

PET have been determined.7'3 4 The induced currents are smaller than

those in the polymers described above (see Table 4-6). The equilibrium-

induced current varies with dose rate following more nearly a linear

than a square root law; when irradiation ceases, the current falls

within a few seconds to a small fraction of the equilibrium value.

Similar results were obtained by Conrad and Marcus, 35 who measured

the radiation-induced conductivity in a PET capacitor; the values are

shown in Table 4-6.

Maeda et al.3 6 studied the -ray-induced conductivity of PET under

high electric field (1 x 106 to 1.6 x 108 V/m). At field strength below

108 V/m, the indced current reaches its initial steady state (primary

component) soon after irradiation is started, and then it decreases with

time. Above 108 V/m, the induced current decreases for a while and then

increases to reach an equilibrium (secondary component). The radiation-

induced conductivity of the primary component increases with electric

field strength and then shows a saturation tendency. The current is

proportional to dosage and can be analyzed into two components that

behave differently with respect to time and voltage dependence. These

are explained by space charge formation, by electron emission from the

cathode at very high field strengths, by the influence of the field on

initial recombination or by trapping.

Polymethylmethacrylate (PMMA)

The x-ray-induced conductivity in plasticized and unplasticized

PMMA was studied by Fowler and Farmer.7 ,20 The time constant of

26
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recovery after irradiation is very long (several hours) for the

unplasticized material, whereas for the plasticized PMMA it is much

shorter. The A constant for the unplasticized PMMA is 0.55, and for the

plasticized PMMA it is nearly 1 (see Table 4-7). Thus, the

unplasticized PMMA is similar in this respect to PE, PTFE, and PS.

Vaisberg et al.2 6 studied the y-ray-induced conductivity of plasticized

PMMA. The results were similar to those obtained by Fowler and Farmer.

Other Polymers

Examples of other polymers that have been studied for radiation-

induced conductivity are shown in Table 4-8.

Mixed copolymers, obtained by the polycondensation of hexamethylene-

diammonium adipate (15%), hexamethylenediammonium sebacate (40%), and

caprolactam (35%), were studied by Hedvig.3 7 The conductivities induced

by x-ray and y-ray irradiation were as high as 10-12 (ohm cm)-1 with

dose rates of 0.1-20 rad/sec; no temperature dependence for the induced

conductivity could be detected between 100 and 600C. The dark

conductivities followed the usual exponential rule with activation

energies of 1 and 2 eV. Preirradiation with y-rays resulted in a

decrease in the induced conductivity, without appreciably affecting

the A value. Additives, such as benzophenone and hydroquinone,

influence the preirradiation effect by possibly controlling the radical

concentration. Hydroquinone, a strong radical acceptor, practically

eliminates the preirradiation effect, giving a rather radiation-

resistant material. A phenomenological model is presented to explain

the results.

The y-rays induced conductivity in polycarbonate as a function of

the radiation dose rate was studied by Vaisberg. 26 The A value obtained

show the radiation-induced conductivity of PC is similar to PS.

The radiation-induced conductivity of polyimidazopyrrolone or

"pyrrone" polymers was studied by Reucroft et al. 38 (see Table 4-8).

The pyrrone polymers were prepared by the reaction of 3,3'-

diaminobenzidine (DAB) with either 3,3',4,4'-benzophenone

28
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tetracarboxylic acid dianhydride or with pyromellitic dianhydride.

These polymers have shown excellent thermal and radiolytic stability.

Their mechanical properties were practically unchanged by accumulated

radiation doses to 1010 rad. The y-radiation-induced conductivities in

pyrrone samples at dose rates up to 900 rad/min were generally lower

than those reported for common insulating polymers. The radiation-

induced current for BTDA-DAB was about 3 to 4 times smaller than that in

PMDA-DAB. Permanent increases in dark conductivity were produced in the

polymers by accumulated doses of 2-MeV electrons ranging from 1 x 107

rad to 5 x 109 rad at temperatures up to 3000C. The dark conductivity

increases produced were not sufficient to inhibit the UV-visible

photoconductivity of the polymers. No significant effect on the

dielectric properties of the polymers was detected by such accumulated

doses. Both radiation effects, the induced conductivity and the

permanent dark conductivity increase, are more pronounced in PMDA-DAB

than in PBDA-DAB.

Conclusions

The general effects observed in insulating polymers by exposure to

high energy irradiation are induced conductivity and permanent

conductivity changes caused by chemical changes in the polymer. Because

the radiation-induced conductivity generally is not sufficiently large

and because it usually does not extend into the adjacent nonirradiated

volume of polymer or cannot depend on radiation-induced conductivity to

leak off charge and prevent breakdown pulses.

The induced conductivity is related to the radiation dose rate R
A

according to the following relationship: a -R . The A exponent has

limits of 0.5 < A < 1 according to the Rose-Fowler model and remains

constant over a wide range of radiation doses. We find conflicting

results in the data available on A values determined for a number of

polymers by various investigators. The variations in the values

reported have been attributed to impurities in the polymers, differenes

in the physical state of the polymer, presence of trapped gases, and the

experimental conditions used. It is difficult to draw conclusions about
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thermally activated, hopping model.

Poly Acene Quinones

These materials have properties very similar to those of th poly-

phthalocyanines"26 Observed conductivities range from 10-11 to

10-2 (ohm cm)- . They can only be prepared in the form of insoluble,

infusible, black powders of uncertain compositions, so their use is

extremely limited.

However, these materials have some unique properties. First, they

have an extremely high, dielectric constant. Typical values are from 30

to I0,000v27 which is believed to be due to the extremely high

polarizability of electrons in the delocalized 7 electron molecular

orbitals. Second, no dopant effect is observed. Evidently, there is

sufficient intermolecular order among the delocalized molecular

orbitals for a variable-range hopping mechanism to appear. Both DC and

AC conductivity measurements show a clear ina u T-11 4 behavior.28 This

is different from the simple thermally activated (Ina \, T-1 ) process

where charge transport occurs between adjacent, evenly spaced, single-

molecule localized states. As the name "variable-range" implies, charge

transport occurs between states that may be spatially distant but

otherwise favorably located energetically.

Metal-Containing Coordination Polymers

A wide range of conductivity values have been reported for metal

coordination polymers, the most widely studied of which is polyvinyl

ferrocene.29 In these materials the metal ion may be coordinated either

in the backbone or in a pendant group. Thermally activated hopping of

electrons between metal ions of mixed oxidation states, e.g., Fe+2 and

Fe 3 , is the most likely conduction mechanism. For example, the

unoxidized (Fe2 ) polymer has a conductivity of only 5 x 10-12

(ohm cm)-1 . Oxidizing 73% of the iron to Fe3  raises that value to 2 x

10-6 (ohm cm)- 1.30 In comparison, complexing with TCNQ raises the

conductivity ferrocene polymers to 2.5 x 10-5 (ohm cm)-1 , and an

45



although other organic electron acceptors have been used. Conduction

rises gradually as the mole ratio of dopant to metal ion reaches 1:121

as is observed for almost all of the "molecularly doped" charge transfer

systems. They are also slightly more tractable than the crosslinked

phthalocyanines. They can be dissolved in sulfuric acid and sublimed

into thin films.
2 2 ,2 3

No mechanical properties have been reported for these materials.

They do have good chemical and thermal stability and in the undoped or

partially doped state could be candidates for spacecraft applications.

Although current work is aimed at optimizing conductivity, recognition

of applications requiring polymeric materials with intermediate

conductivities, e.g., spacecraft charging or electromagnetic

interference (EMI) shielding, could direct attention toward measuring

and optimizing mechanical properties.

Similar polymers have been obtained from condensing organic

nitriles24 and pyrolyzing polyacrylonitrile.2 5 Conductivities of the

former, which are low molecular weight dark-colored powders, range from

10- 12 to ,10-5 (ohm cm)-1 , but again the polymers cannot be adequately

processed to form useful devices. Pyrolyzed polyacrylonitrile is

prepared from films or fibers, but is relatively brittle and intractable

after pyrolysis at 435 0C.

As for the polyimides, it is difficult to assess whether or not a

partial pyrolysis to increase the conductivity to %10
- 12 (ohm cm) I

without excessively degrading mechanical properties could be done.

However, the conductivity does increase significantly from 10-9 to 101

(ohm-cm)"1 , and volatile molecular dopants or oxidizing agents are not

required. The fused ring systems formed are reminiscent of those formed

during the pyrolysis of polyimides, and it would not be surprising if

the polymer density and crystallinity increased on pyrolysis. The

temperature dependence of the conductivity can nearly be described as a

thermally activated process. However, as is pointed out in reference

25, experimental data over a narrow temperature range fit a variable

range hopping model (lna %T-1/4) as well as the simple nearest-neighbor,
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Polyvinyl Pyridines

The properties of the vinyl pyridines are similar to those of PVK,

a dopant (12) or molecular complexing agent (TCNQ) must be a strong

enough oxidizing agent to remove an electron from the pyridine ring to

bring the conductivity up to 10- 3 (ohm cm)-' from the undoped value 15 of

10- 15 (ohm cm)- 1. Conductivity in these systems follows the same

thermal activation observed in other molecularly doped systems.

Similarly the mole fraction of dopant is increased to approximately 1:1.

Application to spacecraft-charging problems would require the use

of a nonvolatile dopant, possibly some sort of a copolymer, and an

increased glass transition temperature. Like polystyrene, the polyvinyl

pyridines soften at about 100 0C, making them unsuitable without further

modification for application as structural elements in spacecraft.

Either increasing the stereoregularity or crosslinking the polymer after

it is formed could raise the maximum use temperature.

Phthalocyanine-Containing Polymers

This general structural type of material contains aromatic

phthalocyanine ring structures in the polymer backbone. Frequently,

they are complexed with a metal ion, e.g., Al, Mn, or Fe, and may be

prepared in either an idealized flat planar structure 17,18 or a cofacial

assembly like doughnuts threaded onto a shaft. 19 Conductivity in all

these systems is due to thermally activated hopping between adjacent

sites and varies from 10- 12 to 101 (ohm cm)-1 , depending on composition

and doping. The planar, crosslinked systems do not require any dopant

in addition to the metal atom complexed in each phthalocyane ring.

Conductivity in these systems is approximately proportional to the

square root of the applied pressure, as would be expected for this type

of system.20 These are generally infusible, insoluble, amorphous

solids, which makes processing extremely difficult.

However, the conductivity of cofacial or bridge-stacked compounds

depends strongly on doping. Iodine is the most widely studied dopant,
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Polyvinylcarbazole (PVK)

Polyvinylcarbazole (PVK)5 is best known for its photoconducting

properties. It also has a fairly substzntial dark conductivity ranging

from 10 16 to 10 5 (ohm cm)-1, depending on dopant and temperature.1
6

Various dopants, including iodine (which will desorb under vacuum),

TCNQ, and TNF, have been used. 12 PVK's mechanical and thermal

properties make it a very good candidate for spacecraft applications.

It is processable, very strong, and has a high Tg (1 ^)0 C) depending

on the degree of stereoregularity.

Mechanistically, conduction in PVK is similar to that observed in

molecularly doped polycarbonate or TTF-substituted polyesters. The

conductivity shows a simple irverse temperature dependence and increases

gradually with dopant concentration to a maximum at a 1:1 mole ratio of

dopant to vinyl carbazole.

The molecular structure of PVK clearly illustrates the two features

that we believe are important in polymer conductivity. First, the

carbazole ring structure possesses the minimum molecular structure

required for stabilizing a charged species; the lone pair electrons on

the nitrogen atom can be ionized relatively easily. Second, the

structural order necessary for diffusing charge over several molecular

residues is present. Steric repulsion requires that the large planar

carbazole units be arranged normal to the backbone axis, and there is

enough ring overlap for transport to occur with a relatively low

activation energy.

There are ways to modify the conductivity of PVK. It can be

readily copolymerized with a variety of vinyl monomers and doped with

organic or inorganic materials. Moreover, the mechanical properties of

PVK are as good as those of unpyrolyzed Kapton, and the development of a

more highly crystalline or crosslinked modification of PVK would

probably raise the glass transition temperature by 500 to 1000C. PVK

films can be readily oriented by stretching, which enhances both the

local structural order and mechanical properties such as strength and

modulus.
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elongation. They are not suitable for use as structural materials or in

high temperature environments, but they could be very useful for

applications requiring a moderately conductive vibration-damping

material or potting compound. Conduction follows a simple thermally

activated temperature dependence and the inverse-square-root dependence,

of pressure indicates that conduction is not ionic.

Note that of the polymers reported in references 8 through 10,

those with a more regular backbone structure and few pendant groups, two

features that promote intermolecular order, have higher conductivities.

Poly(alkanes) (Polyethylene, Polypropylene)

The chemical composition of these materials is similar to that of

wax, as are their electrical properties. They tend to be highly

crystalline and inert to ionizing radiation. It is unlikely that any

modification, short of adding conducting filler particles, will

significantly increase their electronic conductivity. Ionic

conductivity is observed in metal ion salts of ionomers. The toughness

and elevated glass transition temperature make them very useful in films

and coatings.

Vinyl Polymers and Acrylates

These are materials prepared from the free radial or anionic

polymerization of vinyl or acrylic compounds. The most common examples

are polystyrene and polymethylmethacrylate, respectively. The class

includes many polymers, but we are considering them together for the

following reasons. First, they melt far below 2500 C, often becoming

rubbery below 1000C, and are not widely used in spacecraft. Second,

there is nothing about their backbone structure that, in our view or in

the literature, is likely to lead to appreciable conductivity. Any

useful conducting properties for those materials must be derived from

pendant groups attached to the chain backbone. In general, however,

large bulky -electron systems will make polymerization and processing

difficult. There are a few materials with noteworthy properties.
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However, they can be filled with conducting metal or carbon particles to

produce low-friction conductivity surfaces. They remain useful in

dielectric applications, but are unlikely to be useful in structural

applications.

Polyesters (PET, PBT, Mylar)

As is the case for polyimides conductivity in the polyesters and

the polyamides is almost always ionic and due to the presence of

water.6 Exposure to high energy radiation and large electric field

strengths will produce excitonic carriers but at concentrations below

that useful for mitigating the effects of spacecraft charging.

The electronic structures of commercially important polyesters tend

to be very highly localized. Copolymers containing large delocalized

ring structures could be prepared, but the loss of stereoregularity

would drastically reduce the crystallinity and hence lower the

materials' thermal and mechanical properties.

Several attempts have been made to use the polyester backbone as a

carrier for introducing radical ion salts such as TTF and TCNQ7 into a

polymer matrix.8 ,9 Similar polymers using polyurethane,10

polysulfonate,9 and polyethyleneimines11 have been prepared. In

general, the polymers produced have been of low molecular weight,

insoluble, and amorphous. Little or no evidence for the formation of

molecular complexes responsible for conduction in TTF:TCNQ salts has

been observed in these polymers.

Many charge transfer complexes between polymer and an electron

acceptor have been prepared or attempted. 12 Electron acceptors8 include

TCNQ, 12, and TNF. Several moderately successful elastomeric materials

based on quartenary polyurethanes 13 ,14 and quartenary-substituted vinyl

polymers 15 are known. Conductivities of the former range from 10- 16 to

10-17 (ohm cm) "1 depending on temperature and composition. The

elastomers have useful properties comparable to those of conventional

polyurethane elastomers. The most interesting feature of these

materials is that they develop conduction anisotropy on uniaxial
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their use. The use of strong oxidizing dopants that enhance the

conductivity of polyacetylene (AsF5 or 12) is unlikely to raise the

electronic conductivity of polyimides significantly. The polyimides

lack the high degree of structural order necessary for extensive

intermolecular r bond overlap that the polyacetyles have.

Very significant changes in the conductivity of Kapton, from 10
- 18

to 102 (ohm cm)-1 , occur when the material is pyrolyzed at 6000 to

8500C.5 Conduction in these pyrolyzed materials is electronic and

thermally activated. In the pyrolysis process considerable quantities

of nitrogen and oxygen gas are driven off, and the aromatic rings

condense to form extended 7 molecular orbitals. The polymer density

also increases as these extended two-dimensional networks stack more

closely together than is possible for the linear polymer. Thus, the

pyrolysis leads to both the formation of more carriers (unpaired

electrons in the planar array) and an increase in their mobility through

increased ordering and intermolecular (interplanar) i bond overlap.

This is the first of many examples of how increased intermolecular order

leads to better i electron delocalization and higher conductivity

levels.

Although pyrolysis need not seriously degrade the strength or

modulus of the polyimide, it may reduce the elongation at break to 1-2%

and greatly reduce the flexibility of films or coatings. The molecular

structure of the pyrolysis products is relatively uncertain and may be

heterogeneous, particularly for lightly pyrolyzed materials. However,

the good correlation between pyrolysis temperature and conductivity

suggest that materials with very well-defined conductivities could be

obtained.

Fluorocarbons (Teflon)

The fluorocarbons in general are highly insulating and resistant to

thermal degradation, but they are are not suitable for structural

applications. Their saturated aliphatic backbone is probably the least

likely candidate for generating or stabilizing charge carriers.
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of 10- 7 to 10- 14 (ohm cm)"1 reported. The exact mechanism of

conductivity is uncertain, but ionic conduction at low fields is

strongly indicated2 by the temperature and field dependence of the

current density. At high fields (100-500 kV cm-1), thermally excited

excitonic carriers may contribute to the conductivity. For spacecraft

applications, the low end of the conductivity range should be used

because water or other ionic species will be rapidly eliminated in this

environment.

Kapton is a highly amorphous material with a significant potential

for local structural disorder because it is prepared via an amorphous

polyamic acid precursor. It does have good high temperature stability

(Tg > 2500C) and mechanical properties that make it very useful as a

high temperature coating or film. Overall, Kapton film meets all the

thermal and mechanical requirements for dielectric, thermal control, and

secondary structural element applications.

Various polyimide molding compounds and matrix resins for fiber-

reinforced composites also exist, but they generally do not have the

thermal stability and mechanical strength of Kapton films.

The polyimides have many desirable features and are close to the

desired conductivity level of 10-12 (ohm cm)-1 . The polyimides could be

modified by either creating more carriers or increasing the mobility of

the carriers present.

Adding "molecular dopants," e.g., triphenylamine or

trinitrofluorenone (TNF), that are readily ionized into localized states

for hopping transport in polycarbonate would probably raise the

conductivity by two or three orders of magnitude.3 Molecular dopants

form "conducting pathways" in a hopping analogy to carbon-filled

systems. The use of molecular dopants will probably allow the

realization of 10- 12 (ohm cm)-1 in almost all polymers.4

Unfortunately, molecular dopants are volatile and will plasticize

the polymer. The consequent loss of mechanical properties and limited

stability to thermal, ultraviolet, and high energy radiation precludes
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Section 6

COMMERCIAL AND EXPERIMENTAL POLYMERS FOR USE IN SPACE

In this section we review physical property data on various polymer

systems that may mitigate the problem of spacecraft charging. We adopt

the following three requirements as being necessary for successful

applications. First, the polymer should have a conductivity of about

i0-12 (ohm cm)-1. The optimum value may be different and may vary with

specific applications, but will be near this intermediate value where

radiation-induced charge can be drawn off before electric fields high

enough to cause dielectric breakdown can accumulate.

Second, the material must be stable in a space environment.

Temperature ranges from +2500C to -2500C may be encountered. Constant

exposure to high energy electrons and cosmic radiation must be tolerated

as well as exposure to hard vacuum. Some time element should be

recognized as well. All payloads will have a finite lifetime depending

on their orbit, power supply, and mission. We will aim for a ten-year

* useful lifetime, but this is probably an upper limit.

Third, the polymers must have the physical properties required for

their primary function, e.g., structural members, thermal control, or

packaging. These will vary considerably with different applications,

but in discussing specific materials we will indicate what they are

suitable for.

The commonly used industrial plastics are discussed first, followed

by materials that have unusual electrical properties.

Polyimides (Kapton)

The polyimides are a general class of polymers containing the

B aromatic imide linkage. Almost all polyimide conductivity studies have

been performed with Kapton, a commercial product widely used in the

aerospace community. The conductivity is variable, depending on

temperature, field strength, frequency and sample history1' with values
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Section5

SURVEY OF SEMICONDUCTING AND CONDUCTING POLYMERS

To identify specific materials with the electrical properties

believed to be necessary for the reduction of spacecraft charging and

the common molecular structures responsible for those properties, we

have compiled an extensive list of resistivity data for both commercial

and experimental polymers. Included are materials already used in

spacecraft and those with resistivities on the order of 1012 ohm cm or

less. These data, along with literature references and representative

molecular structures, can be found in appendices E through G. Included

in Appendix E are comments concerning the experimental conditions under

which measurements were made, observations about the dependence of

* conductivity on temperature or radiation exposure, and miscellaneous

remarks concerning the use of dopants, polymer crystallinity, and other

material variations.
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the actual mechanism of the radiation-induced conductivity from the

available data.

Carrier mobility in various insulating polymers has been studied to

identify the sign of the carriers predominantly responsible for the

radiation-induced conductivity in the materials and to obtain data

useful in the interpretation of the radiation reaction and the factors

influencing it. The results obtained by various investigators are

presented in Table 4-9. The discrepancy in the values of carrier

mobility obtained by the various workers is attributed to the measuring

methods used.
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Table 4-9

DETERMINATION OF CARRIER MOBILITY IN INSULATING POLYMERS

Carrie_ Mobility
Reference Polymer Temperature (cm /V sec)

38 Linear 800C 4.5 x 10-10

polyethylene 950C 9.0 x 10-10
(Rigidex) Hole mobility

39 Polyethylene Using surface 10- 7 " 10-10

charge decay
technique

38 Polyethylene Room temp. 4.5 x 10-10 Hole
pulsed e- mobility
beam

40 Polyethylene Pulse voltage 2.5 x 10-14

technique

38 Atatic 200C 1 x 10- 6

polystyrene 800C 5 x 10- 5

(Styrafoil) Hole mobility

38 Polystyrene I x 10- 6 Hole
mobility

41 Polystyrene Room temp. 1 x 10- 4

Electron mobility:

7 x 10- 5

Hole mobility

38 Polyethylene- 200 C 1.5 x 10-
6

terephtha- Electron mobility
late

(Melinex) 800C 2 x 10-

38 Polyethylene- 1.5 x 10
- 6

terephthalate Electron mobility
(PET)

41 Polyethylene- Room temp. 2 x 10- 5

terephthalate Electron mobility,
(PET) I x 10- 4

Hole mobility

41 Polyethylene- Room temp. 2 x 10- 4

naphthalate Electro mobility,
(PEN) 6 x 10

Hole mobility

41 Fluoroethylene Room temp. 5 x 10-

propylene Electron mobility,
(FEP) 5 x 10 4

Hole mobility
32
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unsaturated vinylene backbone polymer complexed with 12 has a

conductivity of 10
- 6 (ohm cm)-l. 3 1

The physical properties of these materials are largely

uncharacterized. Most do melt and are soluble in organic solvents, but

because their conductivities, 10- 13 to 10- 2 (ohm cm)-1 , are not in the

metallic regime, they have not been further pursued. Some do possess

the requisite conductivity, probable thermal stability, and

processability for possible application to spacecraft-charging problems.

Semiconducting Polymers with Conjugated Backbones

This section includes polymers with conjugated backbones and

conductivities in the semiconducting range. We put these materials

together to emphasize how unsuccessful it has been to model the bulk

conductivity of a polymer according to the structure of the molecular

repeat unit alone. For all these materials it is possible to draw

delocalized n molecular orbitals that imply complete electron

delocalization, as is found in a benzene ring. Many of these compounds

are very close analogs to polyacetylene, which is highly conducting when

fully doped, possessing the same w electron conjugated backbone.

However, none of the analogs are highly conducting, even when doped. If

nothing else, this literature survey teaches one important lesson: a

conjugated 7 orbital backbone is neither necessary nor sufficient for

conductivities of aoubt 100 (ohm cm)-1 .

Generally speaking, these materials are very difficult to process

so very little mechanical property data are available. The structures

are generally highly aromatic, which lowers the solubility and increases

the melting point. Consequently, the molecular weights are low because

the growing polymer chain cannot be kept in solution long enough to

achieve a high molecular weight. Some, in particular the

polybenzimidazoles,32 polybenzothiazoles,33 azomethines34 and Schiff
base polymers,35 are soluble only in strong acids and can be spun into

fibers with excellent thermal-oxidative stability.

Unfortunately, their resistance to oxidation is achieved by tight
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binding of electrons. Consequently, it is difficult to envision facile

charge transport. Unless relatively low energy anionic or cationic

states can be formed, the number, mobility, and stability of carriers

will be insufficient for high levels of conductivity. Typical values in

these systems range from 10- 16 to 10- 12 (ohm cm)-1 .

Other heterocyclic aromatic polymers, including the emeralidines,
3 6

azines,37 and azophenylenes3 8 have relatively good thermal stability and

reasonably high glass transition temperatures and semiconducting

properties of about 10- 4 (ionic), 10- 10 to I0- 5 , and 10- 12 (ohm cm) -1 ,

respectively, but have ei,.her not been prepared in reasonably high

molecular weights or are intractable for practical purposes.

A subset of these conjugated backbone polymers are the analogs of

polyacetylene. In general, they are more likely to be soluble in

organic solvents, and they soften well below 2000 C. Their thermal

stability is not quite as high as the previously mentioned polymers, and

their conjugated backbones are readily oxidized (or doped) by iodine.

For some, iodine doping raises the conductivity by up to six orders of

magnitude, but the temperature dependence of the conductivity is still

indicative of thermally activated hopping between adjacent localized

sites.
39

Very little work has been done to characterize the mechanical

properties of these materials because they do not have high levels of

conductivity, high molecular weight, or superior thermal properties.

The most extensive characterization work on these materials has

been performed on the substituted diacetylenes. 40 These are soluble in

organic solvents and can be cast into tough films with strengths and

moduli comparable to those of polyethylene. However, the glass

transition temperature is relatively low, O°C, and these materials melt

sharply at 1670C.

Because both single-crystal and amorphous specimens can be

prepared, the effect of intermolecular order is readily apparent. Both

morphologies readily absorb iodine. In single crystals the adsorption
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of 2.6 mol% iodine raises the conductivity by seven orders of magnitude

to nearly 10-6 (ohm-cm) 1, whereas in an amorphous film nearly 40 mol%

is required for a two-order-of-magnitude increase to the same

conductivity level. In this system, for the first time, the dependence

of conductivity and activation energy on molecular weight has been

demonstrated. At constant dopant levels the conductivity increases

linearly with molecular weight, and the activation energy is

proportional to the reciprocal molecular weight, yielding an infinite

molecular weight value of 0.44 eV. These are significant results: they

clearly demonstrate that bulk conductivity relies on interchain

transport and that models based on the structure of single repeat units

or individual chains are incomplete.

The polymers studied contain about 35 repeat units. In single-

crystal samples, where chain axis are well aligned and intrachain

delocalization is maximized, the maximum conductivity is reached at

about 2.5 mol% iodine or approximately one dopant molecule per polymer

molecule.

In cast films the structure is largely amorphous, and the high

dopant level at which the maximum conductivity is obtained corresponds

to about one dopant molecule per 2.5 repeat units. One further

observation concerning the dependence of conductivity on dopant

concentration can be drawn from this system.

At very low dopant concentrations the conductivity is relatively

insensitive to dopant. The conductivity rises sharply at a certain

dopant concentration and then levels out. This same stepwise (nearly)

increase in conductivity is also observed for the polyphenylene

vinylene4 1 and each of the highly conducting polymers discussed in the

next section. The only system where this rapid increase has not been

observed is iodine-doped polyphenylacetylene, for which conductivity is

known to be ionic.4 2

Obviously, there are numerous semiconducting compounds in this

class. It is unlikely that highly conducting polymers will be prepared

from this group, primarily because high conductivity requires a high

mobility. Mobilities, in turn, require a very regularly spaced

48

o.. . . . . . . . . . . .



molecular structure containing an abundance of readily ionized units.

All conceivable side groups examined have significantly lowered the

properties of highly conducting polyacetylene and polypyrrole. Massive

pendant groups in substituted polydiacetylenes, although necessary for

polymerization into single crystals, significantly lower the overall

conductivity even though excellent intrachain delocalization is

observed. The best approach to developing processable, highly

conducting, conjugated-backbone chain polymers might involve the

coupling if fairly large, symmetric, charge-stabilizing repeat units

with short, flexible, readily soluble units.

Numerous opportunities exist, however, for application to the

spacecraft-charging problem. Some of the thermally stable aromatic

heterocycles are already used or being contemplated for use in aerospace

vehicles. The problems of limited processability and low softening

temperatures would have to be addressed, but the necessary conductivity

is present.

"Metallic" Conducting Polymers

There are four organic polymers with conductivities in excess of

100 (ohm cm)- 1: polyacetylene (PA), polyphenylene sulfide (PPS),

polypyrrole (PP), and polythiazyl (SNx). Of these, only SNx can truly

be called an organic metal because in single crystals it possesses (1) a

metallic thermopower, (2) high room temperature conductivity, and (3) an

inverse temperature dependence of the conductivity. 43 Of all the

conducting polymer systems, it alone has the long-range periodic

structural order necessary for the valid use of band theory. As

expected, the measured conductivities depend strongly on crystal

perfection, varying, for single crystals at room temperature, from 250

to 1200 (ohm cm) "1 . Furthermore, conduction in polycrystalline films is

thermally activated and presumably limited by a thermally activated

tunneling across grain boundaries. Extensive study has shown that SNx

is not really a one-dimensional conductor as was once thought, but has

rather extensive interchain interactions. 44 ,45
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Although SNx has been thoroughly investigated in the last two

decades, it remains a laboratory curiosity. Application to real devices

has been hindered by fabrication difficulties, instability in air at

room temperature, brittle mechanical properties,4 6 and other factors.

Although strong in tensile deformation along the fiber axis, SNx is very

weak in either compression or shear, and it is sensitive to radiation

damage. Because mechanical damage degrades electrical properties, this

material is unlikely to be useful in rugged environments.

Polyphenylene sulfide (PPS) is perhaps the most processable of the

four highly conducting materials. It is a commercially available

thermoplastic valued for its relatively high heat distortion

temperature, crystallinity, and solvent resistance. Conduction in PPS

is realized when it is treated, or doped, with up to 50 mol% of AsF5 , a

strong oxidizing (electron-withdrawing) agent. 47 ,4 8 As the AsF5 gas

diffuses into the PPS, several physical properties begin to change. The

X-ray diffraction pattern becomes increasingly diffuse, indicating that

the distribution of intermolecular spacings is broadening. The

colorless PPS becomes dark and gets a lustrous metallic sheen. The

doped polymer is slightly more brittle than the pristine material and no

longer melts below decomposition temperatures.

The processing, mechanical, and thermal properties of virgin PPS

make it a very attractive candidate for device applications. However,

the extremely rapid increase in conductivity on doping to a 1:1 mole

ratio (AsF5 :PPS repeat unit) precludes its use in moderating spacecraft-

charging phenomena. The concentration range at which the conductivity

increases from 10- 18 (ohm cm)"1 to 100 (ohm cm)- I is so narrow, and the

distribution of dopant inhomogeneous, so that obtaining a single

material with a fixed, homogeneous, moderate level of conductivity would

be difficult. A further concern is the stability of the dopant: the

PPS:AsF5 complex is unstable in air and decomposes at 500C in vacuum.

The conduction mechanism in these highly conducting polymers can be

deduced by observing the temperature dependence of the conductivity in
these systems. Conductivity in doped PPS shows a clear T-11 2 behavior
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characteristic of tunneling through small barriers between localized

conducting domains. This is in marked contrast to the systems

previously discussed that displayed a simple, thermally activated,

adjacent-neighbor, hopping mechanism. We submit that the density of

localized states in doped PPS or other highly conducting polymers is

high enough that an effective superlattice is formed and mobility

through that periodically spaced superlattice is increased. This leads

to tunneling between conducting grains of various sizes, which appears

as variable- long-range hopping.

Polypyrrole (PP) is formed by an electrochemical polymerization of

pyrrole from solution followed by electrochemical oxidation.49 The

oxidized polymer is a lustrous gold color when doped by approximately

one perchlorate (HClO4") or BF4 - group for four pyrrole units. Undoped

polymer is stable in air, whereas the doped conducting material is

unstable. The doped polymer does not melt or dissolve, and it

decomposes on heating to .1000C. Tensile strengths of the undoped films

are relatively high, comparable to those of conventional

thermoplastics. Although the thermopower is metallic, the temperature

dependence of the conductivity shows a clear T- 0 "2 5 dependence, as is

observed for systems with variable-range hopping between localized

states.

We can gain further insight into the effect of structural order on

conductivity by examining the maximum conductivities realized in

substituted PPs. The highest value reported for the parent polymer is

40 (ohm cm)- 1; for the N-methyl, 2,3-dimethyl, and 2,3-diphenyl analogs,

the conductivity drops to 10- 3 , 101, and 10-3 (ohm cm) -1 ,

respectively. Although none of these substituents affect the electronic

structure of the PP backbone very much, they do affect the

intermolecular packing efficiency. The poly(2,3-dimethyl pyrrole) in

fact is slightly crystalline, as expected by the relatively high

conductivity value reported.

The features that distinguish PP from other semiconducting polymers

includes (1) a stereoregular backbone that packs efficiently into an
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ordered, if not crystalline, array; (2) the ability to form a relatively

low energy, delocalized, ionized charge state; and (3) the interaction

of items 1 and 2 above to form a superlattice of interacting delocalized

charge states that lead to the high mobilities inherent in a material

with conductivity in excess of 100 (ohm cm )-1. Evidence for this

approach includes the rapid increase in conductivity on doping, the high

conductivity itself, the four-to-one mole ratio of repeat unit to

dopant, the metallic luster of the doped material, and the effects of

substituents on conductivity and crystallinity.

Polyacetylene (PA) also shows a thirteen-order-of-magnitude

increase in conductivity on doping to 10 mol%. 5 0 Significantly, the

conductivity is proportional to exp T-0.2 5 ,5 1,5 2 consistent with the

thermally activated variable-range hopping between localized states.
5 3

This conclusion is further substantiated by measurement of the

frequently dependence of the conductivity.5 1'5 2 The exact nature of the

localized state is controversial, but most agree that charge is

partially delocalized over 10 to 15 repeat units.54 ,55

On a macroscopic scale, polyacetylene films look like aluminum

foil, but SEM examination reveals a fiberous structure similar to steel

wool. Both theoretical56 and experimental 57 studies indicate that a

considerable amount of structural disorder is present in polyacetylene

films, which does not support the application of bandgap or one-

dimensional conductor models.

The density of films is highly variable, presumably due to

differences in synthetic methods. The density is also consistently

lower than the crystallographic density. Strength and modulus are

considerably lower than those for Kapton.

The unique localized electrochemical reactions along the PA

backbone makes application as a battery material possible, but the
serious problems of oxidative instability and repetitive discharges must

be solved. 58 As for PP and PS, the lack of thermal stability, the need

for corrosive dopants, and the rapid transition, or doping, from

insulator to good conductor probably preclude the use of polyacetyene in
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spacecraft-charging problems.

Conclusions

Polythiazyl has a much greater conductivity than we believe is

optimum for application to the spacecraft-charging problem. The

dependence of conductivity on dopant concentration for the other three

highly conducting materials, polypyrrole, polyacetylene, and

polyphenylene sulfide, is so strong that it will probably be very

difficult to prepare stable, homogeneous, semiconducting material. None

of these materials is Prticularly stable at elevated temperatures. We

estimate that loss of conductivity due to thermal degradation in vacuum

will begin at 500 to 100 0C. At this temperature the tensile strength

and modulus of the polymers will be reduced by about 50% or more. We

expect polythiazyl and polyphenylene sulfide to remain fairly brittle at

these temperatures, whereas the amorphous content of polyacetylene and

polypyrrole is high enough that a ductile mode of failure would probably

be observed.

It is doubtful that modifying the backbone structure or

substituting polythiazyl or PPS would result in materials with superior

properties. However, polyacetylene has literally hundreds of analogs,

the conductivities of which are all orders of magnitude lower than the

doped parent compound. The loss of structural order on substitution

also leads to more soluble, stable, processable, less crystalline

materials.

Similarly, substituted PPI are less crystalline and have a lower

conductivity than the parent compound. They are not soluble and remain

infusible, suggesting that films could be of interest if stability

problems could be avoided. One possible approach is to prepare

polypyrroles with reactive substituents that could be crosslinked,

thermally or with high energy radiation, into a more thermally stable

material.

The same problems with conducing PPS, e.g., brittleness and lack of

thermal stability, are also problems with structural analogs such as
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polyphenylene oxide and polymers with pendant groups. The apparent

chemical instability of doped PPS at elevated temperatures seems to

preclude the successful use of a crosslinked or copolymerized

modification.

Products obtained from the pyrolysis of Kapton or polyacrylonitrile

appear to be very good candidates in thin film applications. They have

the necessary thermal stability, which appears to be the biggest problem

in applying polymers to space applications, and can be prepared in

conducting forms covering a wide range of conductivity, without the use

of dopants. The fused-ring systems that are formed during pyrolysis are

very stable to high energy radiation and could well last ten years or

more.

The most uncertain feature of these materials is their ultimate

mechanical properties. We can be fairly certain that they will become

more brittle, but how significant this is will depend on the extent of

pyrolysis and specific application. If, for example, we assumed that a

"completely" pyrolyzed material would be like graphite, then the worst

case would possess a tensile strength of about 10,000 psi and an

elongation at break of 2-4%, which would be sufficient for load-bearing

films. Furthermore, one can envision pyrolyzing a polymer blend or

alloy containing a pyrolyzable component and one of the high thermally

stable structural polymers as a reinforcement.

One problem that would have to be addressed is that of progressive

pyrolyses and the resultant increases in conductivity in a space

environment. The pyrolysis temperatures reported in the literature are

generally in excess of 400 0C, which is somewhat above that generally

encountered in spacecraft, so progressive change would be slow.

Another promising material is polyvinyl carbazole. The polymer

combines the thermal stability, radiation resistance, mechanical

strength, and conductivity required for many structural applications.

It is readily pr~cessable, so that it can be used in fibers, films, and

castings. Two possible modifications would be of interest. A

crosslinked PVK would add another 500 to 100 0C to the glass transition
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temperature, extending its usefulness to higher temperature extremes.

In addition, if a more highly crystalline, stereoregular PVK could be

prepared, through the identification of new catalyst systems, then the

mechanical propeties and useful temperature would be improved

substantially because the glass transition temperature is very dependent

on tacticity.
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Section 7

CONDUCTIVITY IN ORGANIC POLYMERS

An initial reading of the literature concerning electroactive

polymers seems to indicate a different mechanism responsible for

conductivity for each material studied. While this confusion is partly

due to the complexity of conduction mechanisms in polymers, it is

certainly aggravated by the following three observations.

First, most researchers in the field select a single material or

type of material as the best material and promote its maximum achievable

conductivity. Second, few of those active in the field of conducting

polymers are formally trained in polymer science or have much experience

in the area. Collaboration between synthetic chemists and solid state

physicists is excellent, but, as we will show, an improved understanding

of polymer science (particularly morphological and structural phenomena)

can help end much of the confusion in the literature. Third, published

reviews in the field,1- with perhaps one exception,6 are little more
than lists of materials and their properties. Almost no attempt is made

to systematize data according to either structure or mechanism.

The primary purpose of this project was to prepare a comprehensive

theory of conductivity in polymers. Secondary purposes included

selecting contemporary materials and designing new ones for very

specific applications. Thus, it required both a broader perspective of

materials and a more unified interpretation of the physical process

involved in conduction than previous reports. A more explicit

recognition of the varying degrees of structural order in polymers and

the nature of the charge carriers that can operate within the

limitations of that order can contribute significantly to understanding

the wealth of data reported in the literature.

Structural order is important to conductivity mechanisms. Consider

the two structural extremes for which good theoretical models exist:

inorganic crystalline lattices7 and amorphous semiconductors.8 Because

of the long-range periodic order present in crystalline lattices, the
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Given intramolecular delocalization, many intermolecular transfers

must take place if charge is to be transported over finite distances.

Many more systems exhibit metallic thermoelectric coefficients and

larger ESR spin concentrations than show significant electrical

conductivity. This is particularly important in spacecraft charging

because extremely large, efficient, intermolecular charge transport is

essential if the many secondary electrons created on dielectric surfaces

are to be drawn away before being discharged. Because all methods

currently used to calculate conductivity are based on the electronic

structure of a single repeat unit and ignore the need for intermolecular

transfer and finite mean-free-path lengths, considerable opportunities

exist for theoretical and experimental development.

Finally, whatever their electrical properties, polymers for

spacecraft charging must be processable in addition to processing

mechanical integrity and environmental stability. The highly conducting

polymers are not processable by conventional techniques. Neither are

many of the more interesting semiconducting polymers. If a solution to

the problem of spacecraft charging is to be found in the improved design

and selection of materials, new processing schemes must be developed.
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band gap semiconductors log 0 is proportional to temperature because

carriers must be thermally excited into the conduction band. A similar

dependence is observed for the nearest neighbor hopping systems

regardless of whether or not the molecular structure of the charge

carriers is well defined or diffuse. Likewise, variable-range hopping

and tunneling transport can be distinguished by a fractional temperature

exponent, whereas excitonic conduction in most insulating polymers is a

complicated temperature and electric-field-dependent process. These

distinctions become useful when one examines specific materials and

attempts to understand and predict electrical properties.

Unresolved Problems

The previous sections summarize several models that describe

conductivity in systems of different structures and properties. With

this diversity of carriers and transport mechanisms, one might think

that electrical conductivity in organic polymers would be well

understood. However, this is not the case. In this section, we will

briefly review some of the discrepancies between these straightforward

models and the actual, observed, experimental properties.

The general approach that "molecular architects" have used is based

on the idea that in order to obtain electron transport through an

organic media, one builds an extended 7-electron molecular orbital.

This type of structure is indeed present in highly conducting

polythiazyl and TTF-TCNQ complexes, but it is also present in numerous

insulating or semiconducting polymers.

Even if complete intramolecular electron delocalization could be

obtained, as in a benzene ring where the circulation of electrons in

radical ions generates a measurable magnetic movement, these are still
0

molecules with characteristic dimensions of 100 to 1000 A. In the

absence of molecular vibrations, the mean free path in such a system is
0

at best about 100 A. When the three-dimensional structure of polymer

molecules is taken into account, this distance becomes considerably

shorter than that observed for crystalline band gap conductors.
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A similar phenomenological expression is found in the mobility of

photogenerated radical anions in molecularly doped polymers and

amorphous glasses. 13 Charge transport is again due to hopping, is

thermally activated, and is dependent on the applied field as indicated

by equation (7-13) where p is the hop length.

- 1/ r epE 1/a

U= [ sinh( n2)l/a [exp(-E a kT)] (7-13)

In these systems carrier diffusion is highly dispersive, in contrast

to the more frequently encountered Gaussian distribution. The

distribution of carriers hopping times is given by equation (7-14a)

rather than the Gaussian factor in equation (7-14b) In Equation (7-

14a), a = ao/(1 - T/To); and a and To are empirical constants with

o < a < 1. These relationships can perhaps be considered the variable-

frequency analogs to the variable-range hopping described in equation

(7-10).

0 t t - (1+a )  (7-14a)

€(t) exp "( t / 1 )  (7-14b)

Quantum Mechanical Tunneling Between Metallic Domains

The final conduction mechanism involves charge transport in a

material that may be thought of as polycrystalline. Here we observe

metallic or semiconducting domains separated by an orientation boundary

or amorphous region across which mobility is due to quantum mechanical

tunneling.22 The conductivity for this type of morphological structure

is given in equation (7-15):

ao exp [-(To/T) 1/2] (7-15)

The single feature most useful in connecting these modes of

transport is their temperature dependence. In band gap metals log a is

inversely proportional to temperature due to increased scattering. In
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single-valued interstate potential energy barrier, diffusion is a

thermally activated process, and the mobility due to normal hopping is

given by equation (7-9).

0 exp(-E aho p p ing /kT) (7-9)

Of course real systems contain a distribution of energy states, and a

distribution of hop lengths are encountered. The mobility for such a

variable-range hopping transport is then

0 = 1o exp[-(T /T) 1 / 4 ] (7-10)

where TO and p are experimentally determined constants.

Hopping models also account for the transport of localized

electronic states in lattices undergoing quantized thermal vibrations

(electron-phonon coupling). The quantized energy needed to overcome the

potential barrier and equation (7-9) becomes

I= o exp(-Eapolar /kT) (7-11)

where EaPolar < Eahopping.

Excitonic Conduction

The dominant mechanism responsible for conduction in the majority

of polymers is due to the field-induced ionization of neutral

excitons.10 This is also a hopping process, but both the generation and

mobility of carriers is influenced by the applied field. The

conductivity at high fields E is therefore given by equation (7-12) as

the product of a constant, the carrier concentration term (in brackets)
and a mobility term (in parenthesis) where BF is an ionization constant

for the neutral exciton and E the relative dielectric permittivity.

o cosh(BFE J/2 (- sinh 2) (7-12)
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Defects or impurities can promote electrons into the conduction

band. For example, replacing an atom on the lattice with a different

chemical species with a different electron density can create either a

valence hole or an extra conduction band electron. Alternatively, an

interstitial atom can distort the local band energies and modify the

thermal equilibrium population of the bands. Very small concentrations

of impurity atoms, or deliberately included dopants, can significantly

cihange the valence band population. Temperature and pressure

sensitivity of extrinsic semiconductors is similar to that discussed for

intrinsic conduction.

Hopping Transport Between Localized Electronic States

As the extent of atomic, or molecular, orbital overlap decreases,

mobility is lowered and electronic states become increasingly

localized. In the band gap models, the energy of the band edges smears

out, and the density of states indicates new energy states in what once

was the band gap. Although there may be a continuum of positive,

finite, populated energy states in what was originally the band (energy)

gap, these states are now so localized that conduction is severely

mobility-limited, and the space between valence and conduction bands

becomes a mobility gap rather than an energy gap. Charge transport can

now only occur through the thermally activated hopping across potential

energy barriers between localized states.

A first-order approach for calculating the mobility of a hopping

particle is given in equation (7-7) where D is an effective diffusion

coefficient given by equation (7-8) where v is the hop frequency and L

the mean hop length.2 1

eD/kT (7-7)

D (1/2) v L (7-8)

For diffusion in a matrix of identical states spaced evenly with a
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When the energy gap between valence and conduction bands is

comparable to kT, there is enough thermal energy to promote electrons

into the conduction !and, and intrinsic semiconduction occurs. The

distribution of electrons f(E) between states of various energies E is

given by equation (7-5)

f(1 (7-5)f(E) 1 + exp(E - Ef)/kT

where Ef is the fermi energy corresponding to the energy of a state, and

the average probability of the state being occupied is 1/2.1

The number of conduction electrons n (equal to the number valence

holes, p) is then given by equation (7-6) where m' is the effective

mass, h is Planck's constant, and Ea is the energy gap.

n = ffi2T m kT)3/2

n p 2( 2 exp(Ea/2kT) (7-6)

h2

For metals the overlap between bands is large and there are many

carriers. The conductivity is insensitive to pressure and decreases

with increasing temperature due to enhanced electron-electron and

electron-phonon scattering. However, in semiconductors increased

pressure lowers the energy gap between bands and increased temperature

increases the population of the conduction band; both raise the overall

conductivity. Mobilities in semiconductors are generally unaffected by

pressure and weakly diminished with increased temperature through the

same mechanism found in metals. Mobilities are generally related to the

width of the conduction band, which is in turn due to the extent of

atomic orbital overlap. Band theory begins to break down when the

extent of orbital overlap falls to where the mobility is under about 1

cm2/V sec. At this point the mean free path of an electron between

scattering collisions is comparable to the atomic lattice spacing or,

alternatively, there is very little electron delocalization and the band

deginerates into a bound excited state (treated in the following

section).
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Increased pressure reduces the free volume available Vf for transport

relative to the minimum volume ve necessary for transport. Below the

polymer glass transition temperature, Vf is only weakly sensitive to

either temperature or pressure; however, above Tg it rapidly increases

with increasing temperature and rapidly decreases with increasing

pressure.
19

Since charge transport is due to a finite number of carriers

initially present, the current density J may be observed to decrease

rapidly as several coulombs are passed through the sample and the supply

of carriers is depleted. This is, of course, a DC effect and can be

removed by reversing polarity. Generally crystallinity reduces ionic

mobility due to the increased density of the polymer matrix. In at

least one system, the polyamides (nylons), stretch-induced biaxial

orientation leads to anisotropic conduction because of spatial ordering

of the amide repeat groups.
20

Band-Type Conduction

In band theory, atomic orbitals combine to form a spatially

extended, delocalized energy band. The conductivity then depends on the

relative population of each band and the energy difference between

bands. Charge transport can occur only in partially occupied bands.

For example, in metals the valence and conduction bands merge and there

are more energetically equivalent orbitals than electrons to occupy

them. In insulators the valence band is full, and the conduction band

is empty, and the energy gap between them is considerably greater than

the thermal energy required to promote a valence electron into the

conduction band. Even when the necessary energy is present, either in

very high temperatures or high energy radiation, the conduction

electron:valence hole pair will not contribute to conductivity unless a

fairly high electric field is applied. Otherwise the columbic

attraction between the electron hole pair leads to recombination.
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temperature. The second most frequently encountered source of carriers

is inadvertant impurities. These include catalyst residues, degradation

products, and dopants that are intended to enhance :lectronic

conductivity. The third source, and probably the most troublesome, is

water. Almost all polymers will adsorb 0.1 to 1% water, which by itself
or with ionizable groups or impurities can greatly enhance the observed

conductivity.

Because the charge transport associated with ionic conductivity

requires actual mass transport, it has certain unique features.1 It is

thermally activated, but increasing pressure reduces the mobility of

carrier ions. As conduction in these systems requires mass transport,

and hence open channels in the material, it is extremely sensitive to

variations in fabrication. Conductivity is given by equation (7-2):

1/2 w
"ionic = ispecies (Kini) q )i exp (. j (7-2)

In equation (7-2), ni is the number of ionizable species, Ki is the

dissociation constant for these species,wi the mobility of change qi

and E is the relative dielectric permitivity. The presence of water,

with a dielectric constant 25 to 50 times larger than most polymers,

dramatically affects conductivity.

The exact form of the mobility . depends further on the specific

structure of the material. 2 A frequently used model assumes that an ion

passes with a characteristic frequency v across a potential energy

barrier 6w between localized sites of size a in the polymer matrix. An

applied field modifies the local potential, and the mean drift velocity

v in the field E direction is given by equation (7-3) and the current

density flowing through a sample in equation (7-4):

exp 2 2kT

j~ ~ E L2 expinKa sih c)(-4

ex(VY 2ekT W hj) 74
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rationalize the conductivity data in the literature.

Transport Mechanisms

With several types of charge carriers known to contribute to

conductivity in polymers, it is not surprising to find references to a

great many mechanisms for charge transport in the literature and a

confusing array of temperature, pressure, concentration, and applied

field dependencies. We first summarize these mechanisms and their

dependence on external variables and then, as in the previous section,

relate the mechanism responsible for charge transport in terms of

structural order.

Conductivity is equal to the product of the carrier mobility, P4,

its charge, q, and the number of carriers,n.6 More than one type (i) of

charge can be present in a given material, and therefore

CF E iPe ni 7

Depending on the specific mechanism involved, all three variables on the

right-hand side of equation (7-1) are dependent on the environment and

can be modified to some degree.

There are five relatively simple conduction mechanisms and a few

complex ones, which involve either combinations of the first five or

variations thereon.

Ionic Conductivity

All three terms of equation (7-1) can be used to modify ionic

conductivity. Charges per carrier of as much as *3 have been observed,

and the number of carriers is extremely sensitive to prior treatment.

Three basic sources of ions are available. The first source is ionized

particles normally bound to the polymer backbone, e.g., pendant

carboxylic or sulfonic acid groups, amines, and amide groups. This

dissociation is usually temperature dependent, so both the number of

carriers and their mobility may be changing at the same time with
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angles and bond distances. Thus there is, in even the most amorphous

polymer, a finite degree of correlation between the position of one

chain atom and two or three on either side. For rodlike polymers, even

though they are not crystalline in the normal sense, this chainwise
0

periodic structure exists over lengths of nearly 5,000 A.

The periodic structure of organic polymers discussed above, due

entirely to the covalently bound chain structure, exists independently

of normal polymer crystallinity, which involves three-dimensional

periodicity. With the exception of two materials that can be

polymerized directly from monomer single crystals to polymeric single

crystals, the long-range intermolecular periodicity required to form

energy bonds is not in polymers or is on such a small scale that it does

not contribute to the bulk electrical properties.

Why are band gap theories applied to polymers if they clearly do

not possess the structural order from which energy bonds are derived?

Ther'e is a popular misconception concerning electron deloca.-zation

along a conjugated polymer backbone: it Is mistakenly believed that

overlapping atomic orbitals in a polymer backbone can combine to form

highly extended, delocalized molecular orbitals in the same way that

atomic orbitals in an ionic crystal form delocalized energy bands. The

popular misconception is that electrons race back and forth along the

backbone in very low binding) energy molecular orbitals. Thus one

would predict high conductivities, very low energy electronic (optical)

transitions, large dielectric constants, and large electron spin

resonance signals. But for the majority of polyconjugated systems none

of these properties are observed. Although periodic structure of

variable lengths along the chain may be important to conduction it does

not lead to band type conduction because it lacks the necessary

intermolecular structure.

To summarize, we have reviewed the types of charge carriers that

may be involved in conduction in polymers and their physical nature. We

have introduced the new idea that the scale on which structured order is

present can influence the type of carriers active and hence better
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set of differential equations that apply to a variety of physical

phenomena. 14 This species, can possess a positive, negative, or neutral

charge, and it is believed to be responsible for conductivity in quasi-

one-dimensional models for polyacetylene. In polymers that can be

modeled as one dimensional, the soliton is a defect or kink in the phase

of the alternating carbon-carbon double bonds along the chain

backbone.1 5 - 16 Some doubt the existence of the soliton, based on

fundamental and experimental grounds. Others are willing to concede its

existence, but question the need to invoke a unique particle to explain

the properties of a single material.
17

The sixth and final carrier species is the electron or hole carrier

associated with band theory.7 These species are free to migrate with an

applied field, moderated by a periodic fluctuations in the band energy

due to the thermal vibration of the lattice.

The charge carrier responsible for conduction in band theories of

inorganic amorphous semiconductors are again electrons, or the absence

of an electron. They tend to be spatially localized at the site of

structural disorder in amorphous glasses. These sites in amorphous

silicon are believed to be "dangling bonds," a site on a given silicon

atom that is available for covalent bonding but is not bound because

there is no neighbor at the correct distance and at the correct

orientation.18 The disorder in these systems is even greater than for

amorphous polymer glasses because in polymers the position of at least

the adjacent repeat unit or atom is always known.

Before concluding this section, we summarize the scale on which

order may be present, e.g., the dimensions at which the probability

density function reaches a maximum. The crystalline atomic lattices to

which band theory applies possess regular periodic structures over
0

distances of 105 to 108 A. In amorphous inorganic semiconductors all

possible correlation between the position of adjacent atoms has decayed
0

to zero within a few atomic diameters, say 5 A.

In organic polymers the situation is strikingly different. The

atoms that make up the chain are covalently bound with well-known bond
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conduction. The transport occurs with the concerted cooperative

polarization of the lattice, both for a periodic atomic lattice and a

molecular lattice found in organic single crystals. Both inter- and

intramolecular excitons are possible in molecular lattices, requiring

increasingly cooperative lattice polarizations. This neutral particle

contributes to bulk conduction when the neutral species is separated or

ionized by an applied electric field.

Stable, bound excitons require some local order: a regular,

polarizable environment prevents the charged species from recombining.

However, the extent of this spatial periodicity need not be great.

Because the intermolecular interaction is coulombic, it is readily

screened within a few molecular lengths in most polymers. The polaron,

a carrier related to the exciton, is an exciton coupled to periodic

lattice vibrations. 11 This of course requires an extensive long-range

periodic lattice structure to operate. Excitons and polarons originated

in band gap theories to explain the existance of stable states with

energies between those of the valence and conduction band edges.

The fourth species is migratory localized ionic states,
12'13

particularly anions. Although these states are truly ionic, the

transport mechanism responsible for conduction is electronic. The

species involved is usually a discrete molecule or molecular residue

with a high electron affinity. Anions may be formed through electron

transfer that is photoinitiated, chemically driven as in a

donor:acceptor complex, or perhaps caused by an electrochemical redox

reaction. In systems where these carriers are responsible for

conduction, very little intermolecular structure is observed, and

transport occurs through a random hopping mechanism. Essentially, the

only structure necessary is the extremely local cofacial orientation of
donor (or photoinitiated donor or electrochemically oxidized species) to

the acceptor.

A fifth and relatively new carrier, whose existence and

significance is hotly contested, is the "soliton." The name is taken

from a hypothetical particle associated with the solution of a complex
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discusses the mechanisms responsible for the transport of these carriers

and the dependence of that mechanism on temperature, pressure, dopant

and structural order. The third summarizes some of the problems that

are unresolved by these models and that a more generalized model should

treat.

Charge Carriers

One way to begin to understand the profusion of data reported on

conduction in polymeric systems is to classify materials according to

the carriers responsible for conduction. Although obtaining the

experimental data necessary to unambiguously identify the carriers

involved can be very difficult, the data are finite and they are

generally associated with different degrees of structural order.

The first species are ionic carriers. 1 These are distinct,

ionically charged chemical entities: hydrogen or hydronium ions, acids,

bases, salts, metallic impurities due to residual catalyst, or species

intended to be electronic dopants but which end up as mobile ionic

species. Ionic conduction occurs throughout the entire structural

range, from polycrystalline to amorphous, and requires actual mass

transport. It is extremely sensitive to pressure and humidity. Ionic

conductivity is always possible when readily ionizable species are

present in the polymer as possible degradation products, or when purity

is uncertain. In any experimental investigation the question of

possible ionic conductivity should be immediately addressed.

The second species or state that we must consider are localized

electronic excited states. 9 The key word is "localized." These energy

states, although they can contribute to electron spin resonance (ESR)

signals if their spins are unpaired, are localized on a single molecular

residue or repeat unit and hence cannot participate in conduction.

The third most energetic species is the intramolecular exciton.10

An exciton is a neutral excitation consisting of an electron and the

positive species it leaves behind. Transport of this "particle"

(coupled positive and negative charge) in itself does not lend to
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electronic configuration of individual atoms can be easily combined to

form long-range delocalized bands of discrete energies. The population

of each energy level can be calculated and the level of conductivity

observed is due to the relative population of valence and conduction

bands. Insulation can be understood in terms of the energy gap between

valence and conduction bands. Likewise, semiconduction is relatively

well explained by the thermal activation of electrons from valence to

conduction band. Dopant molecules with different electronic populations

can contribute to the conductivity either by distorting the lattice

energies (interstitially) or by providing a conduction band electron

(valence band hole) by occupying a lattice site (substitution).

At the other structural extreme are the amorphous semiconductors.

The validity of the recently developed theoretical models has been

demonstrated in many materials. These materials are truly disordered.

Conduction occurs because the band edges are smeared out, leading to

what can more properly be called a mobility gap rather than an energy

gap. Charge carriers are now highly localized at sites of structural

disorder. The energy difference between these sites is relatively

small, compared with the surrounding media, so conduction is limited by

mobility rather than number of carriers. Localized charges therefore

hop instantaneously, through a weak thermally activated process, from

site to site.

Few, if any, polymeric materials realize these extremes. On one

hand the nature of a polymeric material requires that a correlation

exists between the position of one repeat unit and the position of its

two covalently bound nearest neighbors. On the other hand, the entropic

and kinetic restraints to forming evenly spaced microscopic lattices out

of highly entangled chains thousands of angstroms long prevent the

S formation of crystalline arrays necessary for the application of band

theory.

The remainder of this section consists of three parts. The first

summarizes the nature of carriers responsible for conduction and the

S types of structural order associated with each carrier. The second
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Section 8

GENERALIZED THEORY OF CONDUCTIVITY IN ORGANIC POLYMERS

Our survey of materials and mechanisms indicates that there is no

one model or theory that can qualitatively predict conductivity. The

range of structures and properties are too great to be accounted for

with a single highly developed model. What experimental facts must a

unified theory encompass and what would we like such a theory to

predict? First, we must explain why so many modes of conduction are

believed to operate in organic polymers. If the materials could be

divided into clear-cut categories, e.g., variable-range hopping,

thermally activated semiconductors, and metallic conductivity, this task

would be much simpler. However, a few mole percent of a dopant can

dramatically change the mechanism of conduction and raise the

conductivity, as well as the mobility, from insulator to metallic

levels, and such a phenomenon is unparalled in the field of solid state

physics. In addition, the extent of structural order necessary to form

delocalized conduction bands is simply not present in any of the highly

conducting polymers. In short, such a model must account for a wide

range of properties within the various degrees of structural order

encountered. To be really useful, this model must also allow one to

evaluate the conductivity of proposed chemical structures, preferably by

separately estimating the number, charge, and mobility of charge

carriers.

The Conceptual Model

Our model is based on the notion that the fundamental structural

unit is a spatially localized, but electronically diffuse, charge

state. It is diffuse in the sense that a given electron will be

delocalized throughout this state, which may contain many repeat units

on more than one polymer molecule. It will still be essentially

microscopic and localized with respect to bulk conductivity. The actual

size of this species will depend on the degree of local supermolecular

structure present in the polymer. As we indicated earlier, structural
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order refers not only to lateral order associated with the packing of

chains but also to the degree of longitudinal order along the chain

backbone with respect to a vector passing through the local backbone.

This localized charge state is similar to that involved in hopping

transport. The main difference is that we envision a species whose size

and electronic energy can vary considerably depending on the local

chemical composition and local structural order.

However, there remains the need to explain how and why metallic

rw conductivity, and the associated requirements of high mobility and band

structures, can exist and to explain the rapid, continuous, transition

from semiconductor to metal within a range of a few percent of a

dopant. Alternatively, we need to explain how phenomena as diverse as

variable-range hopping, thermally activated semiconduction, and metallic

conduction can all occur in the same material over a narrow dopant

range. We propose that these static, but delocalized, states can

interact to form a superlattice, analogous to atomic orbitals forming

extended molecular orbitals and bands. Therefore, the three factors

that interact to determine the overall conductivity are the number,

size, and energy of the localized states.

Generally, the relative energy of the states in a given material

will be constant, so let us first examine how the number and size

combine to determine the conductivity in a material. When relatively

few states exist, their distribution in space will be random and

noninteracting. In such a situation charge transport can proceed only

through a hopping mechanism. The important quantities that need to be

calculated are the distributions of hop lengths and their lifetimes.

As the number of charge-carrying states is increased, the mean

distance between states is decreased, and eventually the states will

begin to overlap, as do atomic orbitals. Extended bands will begin to

form, but at this intermediate concentration, which is related to the

effective size of the charge state, they will be spatially small and

different in size. Mathematically, this situation is related to

percolation in three dimensions. The extent of delocalization is not
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large enough for bulk conduction to be modeled by metallic bands, but

the energy of the delocalized states is changing and hence so is the

probability of hopping from one site to another. As in percolation, the

overall mobility increases rapidly as the number and size of delocalized

states grows.

When a critically large number of localized charge states have been

created, or populated, we envision that a superlattice of electronically

diffuse but spatially localized charge states is formed. The

concentration at which this supperlattice forms is dependent on the

effective size of the localized states, which in turn is determined by

the chemical constitution and morphological order. Intermediate

thermally activated semiconductor states exist in the narrow

concentration regime that has lattice vacancies and for lattices in

which limited site develop creates a band-gap-type situation.

The same type of temperature dependencies discussed in Section 7

would be observed. A further consideration needs to be added for

organic polymers. In atomic or molecular crystals thermal vibrations

are generally small in amplitude and symmetrically distributed about the

center of mass. However, in polymers there is considerably more

freedom of motion. Hence, a considerably greater range of inter- and

intramolecular overlap is possible. This overlap is time dependent,

although slow with respect to electron motion, and will increase

substantially at temperatures above the glass transition temperature.

Dopants interact with this model in two ways: they can create or

populate localized states, and they can vary the depth of the potential

energy well associated with each state. Part of the experimental

evidence supporting this model is the relatively high quantities of

dopant, usually a 1:1 mole ratio with respect to the polymer repeat

unit, necessary for the development of metallic conductivity. In band

gap semiconductors conductivity increases in proportion to the dope

concentration as new carriers are generated. However, in polymers the

transition is extremely sharp. In the following section we examine some
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quantitative relationships that used to define our model more

spec ifically.

Quantitative Relationships

In this section we consider first the characteristics of localized

states; second, how the interaction of localized states affects charge

transport; and third, what these mean to the observed macroscopic

conductivity.

Simple Models for a Localized Charge State: The Particle in a Box

The way to begin to understand charge transport in solids is

through the so-called "particle in a box" calculations. One associates

the probability of an electron escaping from a molecule or other

localized state with the escape of a particle from a potential energy

well. In a one-dimensional well of width el, the energies available to

a particle of mass m are, of course, quantized

h 2n 2(8-1)

and depend strongly on the number of particles present (since only two

particles can share the same quantum number n) and on the size of the

well.1 The probability that a particle will tunnel out of the well

depends on the particle energy E and the well height V0* The basic

result from the simple well is that there is a finite, if small,

probability that the particle can be found outside the well where no

stationary state exists.

A somewhat more useful question to ask is the probability of a

particle escaping through a barrier into a low potential continuum. In

this instance, the probability of escape is finite and stable states

outside the well exist. Introducing the barrier width (b - a) defined

in Figure 8-1, the transmission coefficient for escape to an external

stationary state in three dimensions is given by1

T cos 1  a/F7 - a1 exp (-2 /2m(V -E)/h
2) (8-2)

0
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The inverse cosine function is plotted as a function of a/b in Figure 8-

1. This indicates that, once the well width equals the barrier width

(a/b = 0.5), the transmission coefficient has reached 87% of its

theoretical maximum. Increasing the well width by a factor of 10

increases the transmission coefficient by only about 10%. Thus, for

later calculations of the charge mobility, we anticipate that localized

charge state volume will have little to do with the probability of an

electron tunneling out of a given localized state.

Macroscopic Transport in Nearest Neighbor Hopping Systems

Because our basic approach to understanding the conduction process

in organic polymers is based on the role of localized electronic states,

we need to summarize how the local structure of those states affect

macroscopic charge transport. Nearest neighbor hopping can be treated

as a diffusion process with the mobility P given as

=ejD/kT (8-3)

where e is the charge on an electron and D is the diffusion

coefficient. In a completely general sense, D is given as

1 N N N z\(lll\1
2

D I -2E+#.Z+ } + -I+ -) (8-4)
i o=$(3 3 3 T 3 37 8

where Ni and li are the hop frequency and hop length in the ith

direction, respectively. For an isotropic system, equation (8-4)

reduces to the familiar result D = 1/2 N12 . Thus, for a nearest

neighbor hopping mechanism the charge mobility and the conductivity can

be obtained through calculation or estimation of the hop frequency and

hop length.

With respect to the hop length 1, we can readily establish

approximate values for various physical systems. In molecular crystals

(e.g., anthracene or naphtha ene), 1 is equal to the intermolecular

distance, approximately 1.4 A. In molecularly doped systems (e.g.,
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triphenyl amine in polycarbonate), an average hop length between

triphenylamine molecules can be calculated based on the assumption of a

homogeneous distribution of segments and geometrical arguments. At a

fixed volume fraction of dopant, € D, the average hop length between

dopants becomes 1 % 2(30D/4)113. Charge mobility is therefore found to

be proportional to ($D )2/3 .

Extending this simple model for estimating 1 becomes more difficult

for real systems because the identity of the inter- or intramolecular

localized electronic state is unclear. However, we show later how the

use of percolation methods allows an estimate to be made with reference

to molecular structure.

Estimating the hop frequency N is more difficult, but again in a

general sense, one can express N as the product of the number of times

an electron tries to escape from its localized state times the fraction

of times it succeeds. Pohl and his collegues2 performed this evaluation

based on a simple particle in a box model and arrived at calculated

mobilities very close to those experimentally observed from anthracene

and other molecular crystals.

Macroscopic Transport Involving Anisotropic

Nearest Neighbor Hopping

Before continuing to explore how localized electronic states can

interact leading to metallic mobilities, let us briefly examine

transport in an anisotropic system. Our objective is to compare the

experimental conduction anisotropies, observed in so-called "quasi-one-

dimensional conductors" that are supposed to have very long-range

electron delocalization along one molecular axis, with transport

anisotropies calculated using a biased random walk on an anisotropic

lattice. Although this model is not exact, particularly because it

ignores interparticle interactions, it does illustrate how large an

effect the bias of an applied field and an anisotropic hop length have

on transport anisotropy.

In this model we have a reflecting boundary at position X and an

absorbing barrier at X a. The total hop rate is fixed at unity, and
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the probabilities of hops right and left are given by p and q,

respectively. Thus, for an isotropic system, p = q and p + q 1/3;

that is, 1/3 of all hops are along each x, y, and z axis, respectively,

and there is an equal probability of hops toward or away from the

absorbing barrier. By varying the sum p + q, we can increase the

fraction of hops along the x axis (e.g., along an axis of increased or

preferred orientation) relative to the other two directions. Similarly,

varying the ratio p/q simulates preferred transport toward the absorbing

boundary, e.g., along an applied field axis.

Given the lattice anisotropy parameter p + q = 1/3 and the hop bias

p/q, the conduction anistropy can be relatively easily evaluated for a

system in which carriers are introduced at the origin X = Xo , t = 0, and

allowed to diffuse toward the absorbing barrier at X = a. Specifically,

we can calculate the particle distribution funtion P(X, t) and the

distribution of transit times g(t) as a function of lattice anistropy

and hop bias. These quantities are given as
3

(x -00 2 2 _ X __ 2_-_ pt)_ 2
P(X, t) CJtexp (x-o) 2  

- exp (X- 2 - (8-5)
202t La2o 2t J

g(t) = ea-- [0 -22t) 2  (8-6)

cl[7 2 2 at]

where p- q andcG2 =p + q- (p -q) 2

The distribution of charge carriers through the sample at various

times for the isotropic case is illustrated in Figure 8-2 This should

be compared with Figure 8-3 for the case where the system is still

isotropic in hop length, but an applied field makes the probability of a

hop right nine times that of a hop left. Although the distribution of

particles remains broad, the maximum of that population distribution

shifts perceptibly toward the absorbing boundary. However, if the hop

length along the x axis is made four times that on the y or z axis

(e.g., an assembly of molecules with localized state dimensions 4 :1:1),

the maximum in P(X, t) shifts dramatically toward the absorbing
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structure as indicated in Figure 8-4.

These calculations are combined in Figure 8-5 to illustrate the

relative effects of orientation and applied field on the transport of

charge particles. Plotted are the z axis mobility versus orientation

function p + q at various lead bias values p/q. An isotropic specimen

is described by a vertical line at P = q = 0.33. Increasing the

fraaction of hops in the X direction toward the absorbing boundary does,

in fact, increase the overall mobility. However, introducing a

relatively small degree of anisotropy into the hop length provides a

significantly greater increase in mobilty.

Returning to our original question, we ask what transport

anisotropies could be expected from relatively small structural

differences. For this crude model, the most significant transport

anisotropy that can be realized (for a case where all hops take place

along the x axis and all go toward the absorbing electrode) is only

three. It is informative to compare this number with the conduction

anisotropies in Table 8-I found in the literature. First, values of

ajl/oa of the same order of magnitude are reported for several polymers,

including single-crystalline SNX .4 Values to orders of magnitude 10-100

are reported for materials such as the polydiacetylenes,5 square-planar

platinum,6 and TTF-TCNQ 7 mixed-valence molecular crystals. The only

really large value reported8 is probably due to ionic transport and not

relevant to this discussion.

What 's the molecular origin of these anisotropies? For

polyurethanes, TCNQ complexes, and polyacetylene, this anisotropy is

derived solely by stretch elongation of amorphous chains and crystalline

lamella. In nylon 66, for which conduction is again probably due to

ionic transport, the anisotropic structure is due to extensive hydrogen

bonding with crystalline regions. In SNx, however, there is a very high

degree of chain order. All chain axes point in the same direction, and

extensive registry exists between chains. Yet the relatively low

intrinsic anisotropy is indicative of substantial charge transport

between chains, which is in contradiction to most models of transport in
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Table 8-1

CONDUCTIVITY ANISOTROPY IN ORIENTED POLYMERS

AND QUASI-ONE-DIMENSIONAL SOLIDS

Compound Reference 11/_ _ _ Comments

Polyurethane TCNQ complex 9 2.0 Twofold increases in

a at 15% elongation

Nylon 66 10 4.0 Normal to hydrogen
bond plane

Polyacetylene ii 10 Undoped, 300%
elongation

Mixed-valence square- 6 200

planar platinum complex

TTF: TCNQ 7 400

Polydiacetylene 5 800 Photoinduced mobilities

±300

Polysulfur nitride 4 100 300 K

Polybenzobisthiazole 8 ti,000,000
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quasi-one-dimensional polymers.

The systems with higher anisotropies have as high a degree of order
as does SNx , but the polymer backbone in polydiacetylene is surrounded

with a large volume fraction of pendant groups that insulate and

separate the delocalized backbones. Similar considerations apply to the

transition metal complexes and to the charge transfer salts in which

lateral electrostatic interactions between charge transfer sites are

repulsive.

The relatively low anisotropies found, even for single-crystalline

SNx, has an important implication for the design of new conducting

polymers. Previous experiments have designed molecules based on a model

of an elongated, one-dimensional conjugated chain in which electrons

traveled freely up and down the backbone. In the most perfect example

of this model, SNx , conduction normal to the axis is only slightly lower

than conduction along the axis. Evidently a one-dimensional,

delocalized, T backbone is not a prerequisite for high conductivity.

Periodic order, however, is required, as evidenced by the stretch-

induced anisotropy in semicrystalline polyacetylene. Later in this

section, we tie together these considerations to form a comprehensive

model for conductivity in organic polymers.

Transport Through Periodic Potential Barriers

We have described the transport of charged carriers by hopping

between nearest neighbor sites. Although these simple considerations

can explain the relatively low mobilities of molecular crystals, they

are inadequate to explain the high mobilities observed in doped

polyacetylene, polypyrrole, or polyphenylene sulfide. We have looked

for ways to obtain high mobilities from charge hopping in hope of

unifying the application of hopping models to low conductivity organic

polymers and to reconcile the fact that the temperature dependence of

the conductivity in these three highly conducting systems is

characteristic of that observed for hopping systems rather than for band

gap materials.
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A possible mechanism for rationalizing this discrepancy is provided

by theoretical calculations of the transmission of electrons through a

periodic array of potential barriers. Simply put, for a periodic system

of identical barriers, there exists a set of quasi-stationary states or

energy levels for which the transmission coefficient through the barrier

is unity 12 (this is a quantum mechanical analog to the transmission of

light through multilayer interference coatings). More sophisticated

calculations 13 have explored the effect of varying the potential well

widths, well depths, and barrier widths on transmission coefficients for

tunneling. Although more cumbersome experimentally, these calculations

reproduce the results of the simpler model in the limit of periodic

potential barriers.

We introduce these models to illustrate why we are interested in

examining how localized charge states can interact. Assuming that
intermolecular localized charge states form around the site of dopant

molecules and that these states interact to form long range periodic

electrostatic wells and barriers, it is reasonable to expect that

macroscopic transport can be characterized by short-range hopping at low
dopant concentrations and long-range tunneling, followed by short-range

hops between those regions at higher dopant concentrations. Before

discussing this model semiquantitatively, we want to introduce the

percolation phenomenon as it applies to dopant concentration and the

formation of periodic potential barriers.

Percolation Models

The concept of percolation refers to the formation of an infinite

network of markers as they are placed onto an empty lattice.14 The

parameters that characterize a percolation network include the volume

fraction of occupied sites , the mean size of clusters of contiguous

occupied sites n, and the critical volume fraction tc, at which a

cluster extends from one boundary to another. Values of c and "he
behavior of various properties at volume fractions near o c are of

considerable interest in modeling phase transitions at critical points

and represent a body of knowledge that we can use in trying to
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understand how dopants affect conductivity.

Because this is a lattice model, it may be somewhat artificial,

particularly for amorphous systems, because it requires a specific

lattice coordination number. The results of percolation models are

believed to be nearly independent of the type of lattice used around

The critical volume fraction 0c does vary somewhat according to the
type of lattice Used. For example, a c of 0.198 for a face-centered
cubic lattice becomes 0.245 for a body-centered cubic and 0.311 for a

simple cubic lattice. In three-dimensional amorphous systems, a value

of Oc equal to 0.30 has been calculated.15 The issue of what is the

most appropriate lattice is not relevant to our general discussion,

however, and we simply consider to be approximately 0.3.

Because we are also interested in a macroscopic transport process

involving long-range hops through a periodic lattice of doped sites, we

will also want to calculate the probability of finding a line of

occupied sites with a given length x and the mean value of i. For a

simple planar rectangular lattice with a lattice coordination number Z

of 4, the probability that any given site is occupied is equal to p.

The probability of a contiguous occupied site is then very nearly Ze

(or 4 ). Thus, because there are 4 possible neighbors and the

probability of each being occupied is , there are now only two possible

sites, the probability of each being nearly 0. Thus, the probability Px

of finding a linear assembly x units long is very small for 0 < C

* 4 ( 2 ,,)x-2 (Z 4) (8-7)
or generally

-ZQ
2 *(2 )x-2

The average length icould then similarly be calculated as the

ratio of the number of linear assemblies nx of length x divided by the

total possible number of assemblies. Estimating the number of possible

linear assemblies is cumbersome, but percolation theory tells us that
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near the percolation threshold, the total number of clusters Ens()) , and

the sum over all cluster sizes S of the product nseS are given by the

6 scaling relations

Ens  (0 )2- (8-8)

En. • S '( - c)8  (8-9)

where aand 6 are well-known universal scaling exponents equal to -0.5

and 0.4, respectively. The ratio En. 0 S/En s is then the number average

cluster size Sn, which allows the estimate of the domain radius Sn.

En • S 0 - (
s c -21

n En0 ( -c) (2 (0 - C - 2. (8-10)

The important feature of this result is that at low occupancies

only small clusters and small localized electronic states exist. As the

critical volume fraction for the establishment of an infinite network is

approached, the size of these states increases exponentially, as shown

in Figure 8-6.

Functional Dependence of Conductivity in the Generalized Model

This section brings together our previous observations to form a

comprehensive model for conduction in organic polymers. It is

comprehensive in the sense that the structural features and behaviors

described in the model are applicable to a variety of polymer systems.

Key features of the model are summarized as follows:

* Macroscopic charge transport occurs through the hopping of
charges between localized electronic states. As the number and
volume of localized states increases, the macroscopic
conductivity increases rapidly as a continuous percolation
network that allows very long-range transport is formed.

* The localized electronic states that serve as lattice points in
the percolation network may be solely unimolecular (e.g., TNF-
doped polycarbonate), intramolecular backbone segments (e.g.,
undoped polyvinyl carbazole or pyrolyzed kapton), or
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intermolecular ordered dopant-repeat unit aggregates (e.g.,
AsF5-doped polyphenylene sulfide or polyacetylene). The volume
and relative electronic energy of these localized states
determine the critical number of localized, charged states
required for the percolation network to form.

0 The hop length depends on the extent of long-range periodic
order. In disordered systems with little or no long-range
order, hops between adjacent sites are involved. If periodic
superlattices are formed, long-range tunneling occurs, which
appears as variable-range hopping and leads to the high
mobilities necessary for the realization of metallic
conductivity.

With this model we can reconcile the diverse phenomena reported in

the literature and understand how dopants act in different systems. We

also include some model calculations describing the effects of

orientation between localized states on conduction anisotropy polymer

systems.

Background

In developing this model, we sought to rationalize seemingly

contradictory behavior reported in the literature. For example:

" The temperature dependence of the conductivity for all the
materials previously discussed, excluding those that are ionic,
excitonic at very high fields, and metallic (SN ), was
thermally activated in accord with either an adlacent site or
variable-range hopping mechanism or tunneling between metallic
grains. However, the thermopower, which does not involve
charge transport, is typical of band gap conduction in metals.

" None of the polymers studied is of a high enough molecular
weight for a single delocalized backbone to be responsible for
macroscopic charge conduction, requiring that intrachain
transport must be operative and be the rate-limiting step. Yet
popular theories relate bulk conductivity to calculations based
on the molecular structure of a single repeat unit.

* Doping of polyacetylene, polypyrrole, and polyphenylene sulfide
and cofacial polyphalocyanes with strong oxidizing agents at a
mole ratio level of 1:10, 1:4, 1:1, respectively, brought about
an immediate increase in conductivity of 10 to 13 orders of
magnitude. Similar effects, at 1:1 ratios, are observed for
charge transfer or molecularly doped complexes with iodine,
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TCNQ, trinitrofluorenone, and triphenylame.

0 Significant increases in conductivity are observed on the
formation of very large fused-ring systems from pyrolyzed
Kapton, polyacrylonitrile, and polyacenequinone polymers.
Doping is neither necessary nor sufficient for high levels of
conductivity to be realized.

Although specific theories exist for each of these materials

independently, they are of little use in identifying new materials or

interpreting those that do not fit into a previous mold.

The Model

The basic structural element of our model is the localized, inter-

or intramolecular charge-stabilizing site. Because this can take on so

many different forms, we treat it simply as a potential well. That is,

it may be a single molecular dopant in an inert matrix or a three-

dimensional assembly of an inorganic dopant with unsaturated repeat

units from the backbone of several different polymer molecules. This

structural element can be characterized by three specific properties:

the volume v, the well depth (barrier height) Vo , and the energy E of

the highest energy electron in the well corresponding to the energy of

the highest occupied molecular orbital in molecular orbital theory.

Determining the volume of the localized state is difficult except

when that state is well defined, e.g., a bimolecular charge transfer

complex or a molecular dopant dispersed in an inert matrix. We can

arrive at a functional description, however, using the criterion that

the onset of high conductivity in doped polyacetylene, polypyrrole, or

polyphenylene sulfide occurs when the total volume fraction of polymer-

dopant aggregates exceeds the percolation threshold. Thus, the

localized state volume is given by

Volume of the system (8-1)
=c Number of dopant molecules

or in terms of the number of polymer repeat units to dopant molecules
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V (PC (molar volume/repeat unit) x (repeat unit/dopant molecule)

Both experimental and theoretical considerations can be applied to

evaluate the energy required to remove an electron from the localized

state. The most readily applied method is to calculate an activation

energy based on the temperature dependence of the conductivity. A second

experimental method is to use photoelectron spectroscopy to measure the

energy required to excite electrons into a continuum. Theoretically,

one can use particle-in-a-box methods to calculate the relative energies

of n quantized orbitals and, by filling each orbital with two electrons

per bond, estimate the energy E of the highest occupied molecular

orbital. Frequently, the barrier height V0 is assumed to be twice this

value.

The Functional Dependence of the Conductivity

With the mobility concepts and definitions of molecular structural

properties, we can then calculate the conductivity--or at least the

dependence of the conductivity on structural and environmental

variables. For this we need to know the number of carriers, their

charge q, and their mobility i. For electronic carriers, q is equal

to el, the charge of an electron.

Similarly, the number of carriers is equal to the number of

localized electronic states formed. For doped polymers (I3-, AsF 6-,

BF4-), this number is proportional to the dopant concentration. In

charge transfer salts there is one localized state per charge transfer

pair. Similarly, for partially oxidized cofacial polyphthalocyanes,

there is a localized state for every metal atom-phthalocyane dopant

assembly. In pyrolyzed Kapton or polyacylonitrile, counting the number

of states is more difficult because they are ill-defined r orbital

"condensates." They could be estimated by counting the number of free

electron spins evidenced in the ESR spectrum, but on pyrolysis the

molecular structure, density, resistivity, and weight all change, making

correlations difficult.

Calculating the mobility is the critical issue. With our approach
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we define two mobility states, one above and one below the percolation

threshold . Below %c is given by equation (8-3) as p = e D/kT for

nearest neighbor hopping and D is N12 . The hop length 1 is given by

geometric considerations about the average distance between localized

states or the average cluster radius from the percolation approach.

Calculating the number of hops per unit time 1/N then depends on the

transmission coefficient for an electron to leave the localized state

and the frequency v with which an electron tries to escape the potential

well.

Transmission out of a potential well was given in equation (8-12) as

a function of the well properties.

T = exp -2./2m(Vo - E)/h 2  cos- 1 [,/a - i/-T] (8-12)

As we noted in a previous section, the probability of transmission

reaaches 87% of its theoretical maximum when the carrier width equals

the well width, and increasing it beyond that point leads to only a

marginal increase. The frequency with which an electron hits the wall,

for systems in which the mean free path is comparable to the localized

state dimension, is inversely proportional to the distance that the

electron has to travel before it encounters a barrier and so varies as

v-1 /3 % s. This is a rather weak dependence and is extremely sensitive

to the local atomic structure. Because the localized states in most

currently known materials are roughly the same size, we set v equal to

unity and accept that the probability of a hop is roughly equal to the

probability of transmission out of the well.

Thus, well below Pc the most important variable on which

conductivity depends is the energy difference between the barrier height

and the particle energy. The functional form of the conductivity is

then

*'d °exp(I/kT) (8-13)
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0 % d " exp(Vo - E/kT) (8-13)

At these low dopant levels, only very small clusters are found. As c

is approached, the size of the localized status (equivalent to the hop

length) increases exponentially, whereas the frequency with which an

electron hits the wall and the probability of it escaping vary only

slowly. In addition, the well width is increased, decreasing the Vo - E

difference and raising T. The dependence of the mobility on dopant

concentration is then governed by the exponentially increasing hop

length. Phenomonologically, this introduces a variable-range hopping

mechanism and the concomitant fractional temperature exponent. The

functional form of a then becomes

or' exp[I(x' - E/kT)][u 4 )_1-] (8-14)

which is dominated by the (t - term and the fractional temperature

exponent.

Above ¢c there are large extended delocalized regions through which

electrons travel freely. Structural order is not really long range,

however, and macroscopic transport is limited by a thermally activated

variable-range hopping, although mobilities are significantly increased

by the extended, yet localized, charge states.

--expconst/T)/y], y : 2 to 4 depending on > tc (8-15)

Discussion

This model has specific limitations. It is phenomonological in

nature and is not an ab initio quantum mechanical calculation of

transport in disordered systems. It does, however, reorganize

intermediate degrees of order that are important features of polymer

systems and points out the molecular nature of those active species

responsible for conduction, a severe task to complete rigorously. It

also succeeds in phenomonologically modeling conduction in polymers in a

98



*- -- - - -- - -- --

general sense and rationalizes the diverse temperature and dopant

dependencies of the conductivity. Finally, it has succeeded where no

others have in identifying new polymers with unusually high

conductivities.
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are involved, systems can be prepared that are stable with regard to air

and moisture exposure. This observation remains to be demonstrated, but

the realization of environmentally stable polymeric conductors and

battery systems could have a significant impact on aerospace systems.

Synthesis of New Electroactive Polymer Systems

In the previous section, we identified several new or modified

polymer structures that we believed would have either an unusually high

level of conductivity or useful combinations of thermal, mechanical, and

electrical properties. We prepared three of the polyazines and

characterized their conductivities, molecular characteristics, and

mechanical properties.

The common structural feature of the polyazines is the presence of

the chemical structure (=N-N=) in the polymer backbone. In general,

these polymers are prepared by the condensation of hydrazine (H2NNH 2 )

with dialdehydes XI or diketones XII leading to structures XIII and XIV,

respectively.
8

0 0 0 0

CRC C-R-C

H H R' R'

XI XII

R' R'

H I I
(-C=N-N=C-R-) + H 20 (-C=N-N=C-R-) + H20

XIII XIV

The specific dialdehyde compounds used are glyoxal XV

terephthaldehyde XVI and gluteraldehyde XVII leading to polymers XVIII,

XIX and XX respectively.

00

11 II H H

n H-C-C-H + n H2 NNH2  (-C=N-N:C-)n + 2n H20

XV XVIII
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(~ ~D CH2-NC=N-)

(N NN

FIGURE 9-7 HETEROCYCLIC AROMATIC STRUCTURES CAPABLE OF FORMING

LOCALIZED ELECTRONIC STATES AND ORDERED CLOSE-PACKED

STRUCTURES
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led to the identification of several new materials that we believe have

the requisite periodic structural order and stability necessary for the

development of high levels of conductivity. The structures we have

identified are based on well-known highly colored dyes and stable

radical ions that can be incorporated into stereoregular polymer

backbones with few or no pendant groups. Some of the repeat units and

the stable ions that can be prepared by reduction or oxidation of those

repeat units are shown in Figure 9-5.

The radical species associated with each of these violene and

azoviolene structures obtained by the two-step oxidation of the neutral

compound

X(CH:CH) nX '-" X(CH:CH)X Q i(CH=CH)XO

can be characterized by having an odd number of ir electrons distributed
over an even number of main chain atoms. Although long-range

delocalization is unlikely, it would be analogous to a conduction hole

in the valence band.

A completely analogous situation exists for systems containing an

even number of i electrons on a odd-numbered backbone, e.g., an unpaired

electron in the conduction band. Some possible structures of this type

X(CH=CH)C=X are summarized in Figure 9-6.

Similar opportunities exist for using the unsaturated heterocyclic

backbone of the aromatic carbodiimides as shown in Figure 9-7. Although

less is known about the conductivity or electrochemistry of these

polymers, they P- recognized as being highly crystalline, mechanically

strong, and thermally stable.

It may not be possible to prepare polymers with all these

structural units, but model compounds for all of them are known. Their

redox chemistry has been fairly well studied, which leads to one final

observation: the same redox chemistry that makes electrochemical cells

using polyacetylene possible can be realized with a multitude of other

polymer chemistries. Furthermore, because a range of redox potentials
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NC CN 0 0

O-CH2CH2OC-C=CH2 S CH 20-C-C=CH 2
CH3  CH Cl3

C H , C HC3 :Loll 3

CH 2 -C-C-0-C1&12-CH 20 0 S
if CH20C-C=CH 2
0 1

NC CN CH 3

Copolymerization or Homopolymerization Followed by Blending

NC CN

0CHCH2OH

+0 0I, '

HOCH 2CH 2  C C 0

N CIN,0\0 + CH 2=CHC-C-Cl

11 it CH3

0 0

CI 20H

HOCH 2

FIGURE 9-4 CHARGE TRANSFER POLYZER BLENDS
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(-C-C-)

VIIviii -

R=CH R

+c-C+ n*C-C+ 4C-C9-0

(C-C-- mCC--CC

IX

R2, R, -C-CH, -CECH, -CH7CH2

0

CH3

X IY z

SO03H

X..>Y,Z

FIGURE 9-3 STRUCTURAL MODIFICATION OF POLYVINYL CARBAZOLE
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A similar approach would be to use the commercially available

acetylene-terminated aromatic polyimide resin VI (Thermid 600). This

material is used primarily as strong, tough, high temperature coatings,

and it may be possible to prepare films from this resin with mechanical

properties comparable to those of Kapton and pyrolyze them to obtain

conductive materials.

The other well-known material that may be useful in spacecraft

charging is polyvinyl carbazole (VII) (see Figure 9-3). The

commercially available material appears to meet the mechanical and

conductivity requirements, and it is almost suitable for 250°C

service. One useful modification would be to identify a catalyst system

capable of preparing isotactic PVK, which would be more highly

crystalline, have a higher melting point, and be stronger than the

commercially available material. An alternative route would be to

prepare crosslinkable derivatives of VII though either copolymerization

(VIII) or substitution with a reactive group (IX). Of course, this will

reduce the crystallinity, but highly crosslinked systems will still

possess high thermal and mechanical stability.

It may also be possible to prepare ionomer analogs of PVK. A few

percent of ionic, thermally reversible, crosslinks can increase the

glass transition temperature of ionomers by 500 to 1000C. Thus, a few

percent of a carboxylic acid or sulfonic acid containing pendant groups

copolymerized with PVK (X) and complexed with a divalent cation, e.g.,

Cu2  or Zn2+ , could provide the extreme thermal stability necessary for

2500C service.

Further attempts could also be made to produce nonvolatile charge-

transfer complexes. If both donor and acceptor species were polymer

bound, as illustrated in Figure 9-4, then the probability of stability

toward high vacuum and possibly toward elevated temperature would be
enhanced. The reactions indicated in Figure 9-4, would allow

considerable latitude in modifying the polymer backbone and in preparing

crosslinked materials to achieve the requisite mechanical properties.

Our efforts to understand the phenomenon of conduction have also
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LI

substituted pyrroles (I) have the necessary conductivity but lack

strength and thermal stability. Adding reactive pendant groups (II) to

a homopolymer or copolymer with I would not interfere with the

polypyrrole synthesis, but would allow intramolecular crosslinking at

elevated temperatures. Replacing R= H with -CH3 or -0 reduces the

local order and lowers the conductivity so a similar effect will

probably be observed for each R2 suggested.

Since the substituted pyrroles are known to readily copolymerize,

one can envision an acetylene-terminated polypyrrole (III) that, for

small n, would probably be soluble in organic solvents. Heat treatment

of III will lead to addition across the terminal -C:CH groups, leading

to a strong, insoluble, thermally stable matrix (IV) or analogous

structures. The networks prepared from these low molecular weight

acetylene-terminated resins are becoming very important commercially and

are of considerable interest to the aerospace industry.

The pyropolymers require a somewhat different structural

modification if they are to be useful in moderating the spacecraft-

charging problems. Partial pyrolysis of Kapton may lead to the desired

conductivity range, but it is uncertain whether or not these materials

would retain sufficient mechanical properties or whether or not they

would continue to pyrolyze in space. One possible solution to these

problems is to copolymerize the pyrolyzable aromatic polyimide backbone

(Va) with a more thermally stable heterocyclic polymer (Vb) as indicated

in Figure 9-2. Depending on how the polymerization is achieved, n and m

may range from 3 or 4 to 10 or 50, meaning that some segregation of

repeat unit types would occur and that there would be enough Kapton-type

material to form the large fused-ring systems responsible for

conductivity in pyrolyzed Kapton.

An alternative to copolymerization would be the fabrication of

polymer blends or alloys. The use of polymers such as Vb as thermally

stable reinforcement for thermoplastics, or other less stable polymers,

has been discussed for several years. Ideally, the pyrolyzed Va would

then be mechanically reinforced by a web-like network of Vb.
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strongly interacting intermolecularly, should be avoided. Note that we

are not requiring long-range delocalized molecular orbitals, only

sufficient order for spatially localized, delocalized electron states to

form between repeat units on adjacent chains.

The final variable is the electron population of individual

localized states and their relative energies. This determines whether

conduction will occur through a percolation network, thermally activated

band-gap semiconductor, or a metal-like conduction mechanism. The

electron population will depend largely on dopants, which create

localized charge states by selectively reducing or oxidizing the locally

ordered structures. Several dopants are widely reported in the

literature. Although they are relatively corrosive, they form stable

adducts and hence need not be discounted. Further work would be

fruitful in the preparation of intramolecularly doped polymers for which

no further dopant is needed.

Perhaps the most difficult concept of this model to engineer is the

relative energy, and hence the interaction length, of the localized

states. Considerable effort has been devoted to calculating one

electron energies for a small section of a polymer or an ideal

delocalized segment, but little or no work has been done, to our

knowledge, on the interaction of close-packed nearest neighbors on

electronic states. Several authors have commented on the importance of

this interaction on one electron orbitals, 6 but it is difficult to deal

with theoretically. One useful experimental tool that can begin to

characterize these states is photoelectron spectroscopy.7 However, to

date it has bein used primary with molecularly doped systems rather than

on those with the order and electron delocalization we believe necessary

for high levels of conductivity.

New Polymers for Spacecraft Applications

Some structural modifications that can be made to improve the

thermal and mechanical properties of these polymers with conductivities

in excess of 10" 12 (ohm cm)- 1 are shown in Figure 9-1. For example, the
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highly conducting molecular crystals. 4'5 These efforts are generally

not considered successful because they did not create highly conducting

materials, but it is perhaps unreasonable to have expected it. This

approach is fairly well proven for producing low-conductivity, low-

mobility materials with r-dily variable mechanical properties. New

directions in the field include the use of other well-known, (outside of

conducting polymers) stable, radical ion groups and further tailoring of

the polymer thermal and mechanical properties to specific applications.

A clear distinction may be drawn between the design of materials

with hopping and band-gap conduction mechanisms. A less clear

distinction may be drawn between band-gap materials with metallic and

band-gap materials with semiconducting properties. The two independent

parameters available are the extent of superlattice formation and the

effective size of the lattice element. For example, if a fully

developed superlattice is present, then the conductivity will depend on

the relative energy and hence the effective size of the localized

state. Alternatively, for a group of localized states with the same

energy, their number and the extent to which the lattice is occupied

will determine the conductivity.

Let us first examine the factors, both intra- and intermolecular,

that define the localized state. Electron delocalization relies on the

orbital overlap of periodic distribution of atomic orbitals. The

intramolecular structure should therefore be stiff locally, encouraging

electron delocalization within the backbone, in the traditional sense.

Extensive delocalization along a chain however leads to severe

processing problems.

Of equal importance, although uniformly ignored in the literature,

is intermolecular order. All the polymers that achieved fairly high

levels of conductivity are fairly crystalline. This does not mean that

single crystals, or even a high crystallinity, is necessary, but there

must be sufficient local order present for electron delocalization to

occur, both transverse and parallel to the chain axis. Highly regular

structures are desirable to achieve this order; pendant groups, unless
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Section 9

DESIGN AND PREPARATION OF NEW AND MODIFIED

ELECTRICALLY CONDUCTING POLYMERS

The relationships between molecular structure, mechanical strength

and environmental stability are well known. In contrast, as the

material in the previous sections indicates, the relationship between

molecular structure and electrical conductivity is complex. Thus, in

principle, there should be an intelligent method by which to modify

materials to improve performance or to prepare new materials with the

requisite combination of mechanical, thermal, environmental, and

electrical properties required for spacecraft use.

Molecular Features that Enhance the Quantity and

Mobility of Charge Carriers

With the model of conductivity presented in Section 8, we can

identify structural features that should contribute to conductivity. In

principle, materials with variable-range hopping, band-gap

semiconduction, and metallic conductivity can be designed.

Variable-range hopping is associated with truly amorphous

structures and low mobilities. The charge carriers are extremely

localized and so must be of relatively high energy and stability.

Little distinction need be made with respect to residues covalently

bound to the polymer as pendant groups or within the backbone. Many

such stable radical anions or cations are known in the literature and

could be relatively easily incorporated into a variety of polymer

structures.1 Perhaps the most important criteria in this regard is that

the matrix be chemically inert to the reactive, radical species.

Mixtures of molecules that can be photoexcited into radical ions

have been widely investigated.2' The relatively high fractions of low

molecular weight material required have led to serious degradation of

the matrix mechanical properties. Work with polymer bound charge

P_ carriers has focused on the use of TTF or TCNQ, which together form
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n HC Q -C-H + n H2NNH2  - XIX

H
C=N-N=C)n + 2n H20

0 0
IH 11 H

HC-C.-CH + n H2NNH2  - (=C-C-C=N-N=)
H H

XVII XX

To our knowledge, XVIII and XX have not been reported in the

literature, although XIX and similar aromatic (benzene-ring-containing)

polymers have been investigated9 and polymeric aducts of formaldehyde

with hydrazine have been claimed. 0 We have studied the polymerization

of XVIII in several solvents including dimethyl formamide (DMF),

dimethyl acetamide (DMAc), benzanilide (BA), water, and dimethyl

sulfoxide (DMSO). In DMF and water the reaction is extremely fast, with

hydrazine being consumed as fast as it is added to the reaction

vessel. In these solvents, however, the polymer precipitates from

solution at about the trimer to pentamer (n = 3 to 5) stage, limiting

the molecular weight that can be prepared. An IR spectrum of XVIII

prepared in this way (Figure 9-8) clearly shows the presence of both

unreacted aldehyde and amine and groups as indicated. In DMAc the

reaction proceeds more slowly, requiring approximately 24 hours to

progress to the point where a methanol-insoluble (but still DMAc-

soluble) polymer is formed. In contrast, the reaction is DMSO proceeds

to high molecular weight, without loss of solubility, in approximately 1

hours.

The ability to prepare high molecular weight, soluble,

semiconducting or conducting polymers would be a significant advance in
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this field because the absence of solubility precludes molecular

characterization and severely complicates processing.

Preliminary electrical conductivity measurements have been

performed using a two-contact, pressed-powder method. The pristine

polymer is nonconducting with a resistivity in excess of 108 ohm-cm, the

sensitivity limit of our instrument. The polymer readily absorbs

iodine, however, reaching saturation at about one dopant molecule (I3-)

per ten repeat units. The addition of iodine lowers the resistivity at

least four orders of magnitude to a value of 2.35 x 104 ohm-cm.

The effect of iodine addition is further illustrated in the IR

absorption spectra (Figure 9-9) of the doped polymer. The

characteristic, sharp -C=N- absorptions at 1200 cm- 1 are broadened,

indicating that on doping the backbone has been partially and locally

oxidized and that a distribution of bond strengths is now found instead

of a single bond strength. Similar changes in the IR absorption spectra

of polyacetylene on doping have been reported.1 1

Solution characterization XVIII has yielded some unusual

information. Because this polymer is prepared by a polycondensation

reaction, the molecular weight is expected to remain below 50,000. Size

exclusion chromatography analysis in DMSO, however, indicates a weight

average molecular weight of 510,000, based on polystyrene standards.

Two possible explanations for this discrepancy can be imagined. The

first presumes that the polymer structure can be modeled as a thin rigid

rod as opposed to a random coil-like polystyrene. A rigid rod of

molecular weight 1,000 could in fact separate on the column at the same

point as a polystyrene of 100,000, but the 1200 C=N-N bond angle makes

this interpretation uncertain. The second interpretation postulates a

strong inter- and intramolecular electrostatic interaction between

repeat units. Although we have observed this type of interaction in

DMSO solutions of charged polyelectrolyte molecules, it would require

the polymer to spontaneously ionize, which is unexpected.

One approach to rationalizing this discrepancy is to combine

measurements of the molecular weight with the intrinsic viscosity [n],
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which is sensitive to both molecular weight, chain conformation, and

electrolyte effects. In DMSO the intrinsic viscosity for this polymer

is 1.2 dL/g, a fairly high value typical of extended chain

conformations, and no polyelectrolyte effects are observed.

If in fact the polymer were rodlike, we can obtain a molecular

weight from the intrinsic viscosity based on a theoretical model for

length-to-diameter ratios L/d > 50. The intrinsic viscosity can be

approximated as
12

(dH)0.2

[] = 5.81 x 1020 (d).2 (9-1)

ML

where dH, ML, and L are the hydrodynamic radius, mass per unit length,

and length, respectively. Entering reasonable values for these

variables in equation (9-1), we arrive at a weight average molecular

weight of 9,720, corresponding to a conversion of 98.8%, which is very

reasonable for condensation polymers.

Similar polymerizations have been performed with terephthaldehyde

and hydrazine. In each of the solvents we studied, the polymer

precipitated from solution before high conversions could be reached.

The infrared absorption spectra of XIX is shown in Figure 9-10. Similar

changes in the shape of the C=N absorption band at 1200 cm-1 on exposure

to iodine are observed. Pressed-powder conductivity measurements on

iodine-doped samples yield conductivities in the range of 10 10 to 10- 8

(ohm cm) -1 . Because this material is insoluble and does not melt, it

would be extremely difficult to obtain molecular weight data. Based on

the limited solubility in the polymerization media and the carbonyl

endgroups in the IR spectrum, a value of 1000 would not be unreasonable

to assume.

The polymer prepared from gluteraldehyde XX has some equally

unusual properties. With a partially saturated backbone, it does not

have the delocalized i electron backbone of XVIII or XIX. It can also

be polymerized to moderate (25-50,000 daltons) molecular weight but is
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coil-like in solution compared with XVIII. With the five carbon

backbone repeat units, its morphology is much like that of a highly

crystalline polyethylene. Like polyethylene, however, its conductivity

is low, lying below 10" 10 (ohm cm)-1 , the maximum sensitivity of our

apparatus.

The general synthesis method used for each of these three

compositions has been used to prepare copolymers with differing degrees

of backbone stiffness, w electron delocalization, and conductivity.

Copolymers with varying mole ratios of XV, XVI, and XVII have been

prepared in DMSO. Extensive characterization has not been performed,

but moderately high molecular weights were obtained, indicating that the

different monomers will react together in high yield.

A comparison of the molecular structure and properties of the three

homopolymers, and their copolymers, prepared in this study illustrates

the importance of the three structural features, discussed in Section 8,

that we believe are important in preparing soluble, processable, stable,

electrically conductin, polymers. The relevant properties for the

compounds we have made are summarized in Table 9-1 along with our

criteria for conductivity: stable localized molecular orbitals capable

of forming radical ions, local chain stiffness but sufficient

flexibility for solubility, good intermolecular packing density.

All of the polyazines are inherently stable and can form an air

stable radical ion when treated with a suitable oxidizing agent, which

is not true of materials like polyacetylene. The reason for this lies

in the difference between the redox potential of the azine group (<1.5V)

and that of polyacetylene (>3.OV).

None of the three homopolymers have bulky pendant groups to inhibit

close packing and intermolecular orbital overlap. Because they are

chemically inhomogeneous the three copolymers are of lower density and

lower crystallinity. Molecular models indicate that the relative order

of backbone flexibility of the three homopolymers is XX > XVIII > XIX.

These two factors, chain flexibility and packing density contribute to

the insolubility of polymers containing the aromatic ring. The limited
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solubility in turn prevents the polymerization of high molecular weight

materials since the polymer precipitates at relatively low

conversions. Again, almost all of the highly conducting polymeres

possess a high degree of intermolecular overlap and few if any are

soluble in organic solvents because of their stiff long range conjugated

backbones.

All of the compositions will take up iodine forming stable radical

ions. The two that show increases in conductivity are those that are

most capable of establishing intermolecular overlap necessary for

electron transport. In the aromatic polyazine XIX the ions are too

strongly localized, and the polymer of low molecular weight. The

conjugated polymer XVIII has the stability, flexibility for solubility,

and overlap necessary for electron transport. The addition of one more

carbon atom into the backbone (polymer XX) is sufficient to strongly

localize the radical ions and restrict transport.

While much work remains to be done before these materials are fully

characterized, the available data indicates that their relative

properties can be explained by the three factors that our model uses to

explain conductivity: local electronic structure, flexibility, and

packing density. This represents a successful departure from the

conventional wisdom that treats conducting polymers as infinitely long,

non-interacting, rigid, bandgap metals.
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Section 10

CONCLUSIONS AND FUTURE WORK

The conclusions and recommendations drawn from our study of

electrically conducting polymers and the problem of spacecraft charging

fall into three categories. The first deals directly with material-

based approaches to minimizing or eliminating spacecraft charging

problems. The second concerns the role that conducting and

semiconducting polymers could play in new military systems. Finally, we

address the basic scientific issues involved in preparing new materials

and evaluating their properties.

Reduction of Spacecraft Charging Problems

The proposed solution to the charging of polymer dielectrics in

spacecraft by high energy electrons involves the use of new or modified

materials with semiconducting properties such that accumulated charge is

drawn off before the breakdown potential is reached. The primary

objective of this project was to find suitable materials for reducing

spacecraft charging and/or identify means for developing such

materials. We conclude that near-, intermediate-, and long-term

approaches are available for obtaining these materials.

The immediate approach to the reduction of charging phenomena

includes the laboratory investigation and testing in simulated

spacecraft environments of polyvinyl carbazole (PVK) and pyropolymers

produced from the partial pyrolysis of aromatic polyimides such as

Kapton and polyacrylonitrile (PAN). Of the materials we surveyed, these

have the best combination of electrical, thermal, and mechanical

properties, radiation resistance, and availability.

The properties of polyvinyl carbazole have been studied in some

detail, and its electrical properties can be controlled by processing

and compounding techniques. It has adequate environmental resistance

and is reasonably strong. The two properties that probably need to be

improved are its toughness and strength retention at elevated
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temperatures. The softening point of PVK depends on its crystallinity,

which is proportional to the isotactic content of chains. Research has

shown that tacticity can be controlled through the use of various

polymerization catalysts, and the development of a catalyst for

producing 100% isotatic PVK would lead to a stronger, more thermally

stable polymer. Two potential approaches to improving the toughness of

PVK exist. The first is the development of copolymers of PVK and a

tougher, energy-absorbing polymer analogous to the "toughened" epoxies

and ABS resins. The second involves preparing a crosslinked PVK

resin. By varying the polymer tacticity and crosslink density an

optimum composition for spacecraft use could be identified.

The pyropolymers represent a second, immediate-term aprroach to the

development of charge-resistant materials. PAN fibers and films are of

relatively high strength, and graphitized PAN carbon fibers have

exceptional strength-to-weight ratios. The pyroysis product will

probably not develop properties quite like those of graphite fiber, but

should have reasonably good mechanical strength and environmental

resistance. The properties of the pyrolysis product can be controlled,

by varying the manufacturing process, to produce a material with

electrical conductivities ranging over 5 to 6 orders of magnitude.

Similarly, Kapton and related aromatic polyimides have excellent

strength, thermal stability, and radiation resistance. The pyrolysis

products span a wide range of conductivities. The major obstacle to the

use of either of these materials is uncertainty in the mechanical

properties (strength, modulus, and elongation at break) of the pyrolysis

products.

A variety of intermediate-term solutions exist that involve the

modification of polymer compositions that lack one or more of the

properties required for specific space-based applications. For example,

the polymer compositions currently used could be modified to include the

stable, close-packed, delocalized, molecular ortibals that facilitate

charge transport. Alternatively, the known semiconducting polymers

could be chemically modified by various methods to raise their strength
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and thermal stabilty to the level required for specific missions.

This approach is more intermediate-term because it encompasses a

very broad range of materials and applications. It can be best used in

situations where materials are needed to fit a very specific set of

physical requirements or where the use of a specific material is desired

but a very specific performance objective, e.g., thermal stability or

radiation resistance, must be improved.

The long-term opportunities are derived from an improved

understanding of the phenomena of electrical conduction in organic

polymers. The steps we have made in developing a general model of

polymer conductivity have been confirmed by our identification and

synthesis of new polymer compositions with electroactive properties. In

addition to aiding the development of materials for other applications,

an improved understanding of molecular structure, mechanical properties,

and electrical conductivity will allow the design of completely new

compounds tailored for specific applications rather than a series of

modifications.

Systems Utilization of Electroactive Polymers

The use of charge-resistant dielectrics in spacecraft is just one

example of how electroactive polymers can influence systems

development. The development of polymer batteries is widely discussed

but hindered by limitations in available materials. Our consideration

of the chemical compositions that have electroactive properties and the

problems encountered in the use of polyacetylene indicates that stable

electrically conducting polymers capable of undergoing the same type of

electrochemical redox reactions can be prepared. Because the

electrochemical potential of these stable radical ion states is lower

than that of oxygen or water, environmental degradation will be

minimized or eliminated.
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A mundane but universal problem is the development of rugged

electrical connectors. The intrinsic elasticity and corrosion

resistance of polymeric materials make them good candidates for use in

connectors and switching devices. Materials with the necessary

intrinsic electrical conductivity for these applications do not exist,

but our model outlines specific structural properties that they should

have.

Fundamental Scientific Questions

After surveying the properties of electroactive polymers, we

conclude that there is a great need to better understand the mechanism

of charge transport. Too many inconsistencies exist between the

traditional band-gap approach and the observed experimental properties

to rely on this model. There are indications that band-gap models are

being discarded and the importance of localized charge states

recognized, but considerable work needs to be done to incorporate these

concepts in a complete model.

An important part of developing a better understanding of transport

mechanisms is the development of relationships between polymer

composition, structure, morphology, and electrical properties. The

literature indicates that a great deal of diversity exists and that

small changes in either composition or structure can produce dramatic

changes in conductivity. The origin of these changes is unclear, and

the use of band-gap model interpretations has not clarified the

situation.

A major obstacle to understanding these structure-property

relationships is that the majority of electroactive polymers are
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APPENDIX C

RELATIVE RATING OF STRUCTURAL PLASTICS

These ratings are taken from the "Space Materials H1andbook"

(reference 1, Section 3) and illustrate the range of materials that can

be considered for specific applications.

Relative
Rating Application

A Recommended for general use in interior and external
structural applications, particularly involving high
energy penetrating radiation and elevated temperatures.

B Not preferred for primary structural use but may be used
in place of A-rated materials if electrical or processing

requirements dictate. Recommended for internal or external
secondary structure and electrical or thermal applications.

C Not recommended for high-load structural applications but
satisfactory for all internal and external low-load or
nonstructural uses and where electrical requirements
dictate.

D For structural and non-structural sandwich construction,
internal insulation or electrical harness lacing applica-
tions.
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Table B-i

STANDARDIZED (ASTM) TEST METHODS

Property ASTM No.

Specific gravity, kg M-3  D792

Tensile strength, MPa D638

Tensile modulus, MPa D638

Shear strength, MPa D732

Compressive strength, MPa D695

Impact strength, J cm-1  D256A

Flexure strength, MPa D695

Strain at failure, % D638

Thermal expansioy D696
coefficient, K

Therm1 cyndu tivity, C177
Jm s K

Specific, heat, kJ kg- I K-1 C351

Dielectric constant D150

Dielectric strength, V mil- 1 D149

Surface resistivity, ohm D257

Volume resistivity, ohm cm D257

Outgassing QRMO2T

Heat distortion temperature, K D648
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Appendix B

STANDARDIZED (ASTM) TEST METHODS

The standardized (ASTM) test methods used to evaluate

the material properties in Appendix A are listed in Table B-i.

Details of the test methods may be found in handbooks published

by the American Society for Testing and Materials, 1916 Race Street,

Philadelphia, PA 19103.

136



Table A-3 (Concluded)

Property Optical Thermal Control Lubricants

Glass transition, 350 * 500 * 100 *

temperature, K

Dielectric 3 3i to 3
constant

Electrical 10 10 >118

resistivity,
ohm cm

Dielectric 100 100 100-200
strength

Surface 1012 1012 > 1018

resistivity,
ohm [per square]

Volume 1015 1015 >1018

resistivity
ohm cm

Dissipation 0.003 0.003 0.01

Factor

Temperature range, 50-450 * 50-450 * 100-400
K

Outgassing TML 0.1 TML 0.5 , Large
CVCM 0.005 CVCM 0.01

Ionizing radiation, 100-1000 * 100-1000 1 to 10
Mrad

Heat distortion 350-400 * 350-AnO NA
te.-erature, K
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Table A-3

MATERIAL CHARACTERISTICS FOR OPTICAL AND THERMAL CONTROL

MATERIALS AND FOR LUBRICANTS

Property Optical Thermal Control Lubricants

Specific gravity, 1200-1500 1200-1500 1000-1200
kg m

- 3

Tensile strength, 50-100 20-50 * NAKPa

Tensile modulus, 500-1000 100 NA
MPa

Shear strength, 10 10 * NA
MPa

Compressive 50 10 NA
strength, MPa

Impact strength, 0.35 0.25
J cm-1 NA

Flc:.:ure strength, 100 50 NA
MPa

Strain at failure, I *5 NA

Thcrmal expansion 10- * 10-' 10
-3 

to 10
-4

coefficient, K-

TVr.al c nductivity, 0.15 0.1 *
- K- 1 0.05

Spccufic heat 1.5 1.0 1.0
k.1 kg

-
j K-1 

1

NA not applicable
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Table A-2 (Concluded)

Property Dielectrics Adhesives Elastomers

Glass transition 350 350-500 * 100 to 200 *
temperature, K

Dielectric 3-5 3 1 to 3
constant

Electrical >1015 1012 to 1018 1012 to 1018

resistivity,

ohm cm

Dielectric 200 100 100
strength, Volt/mil

Surface >1015 >1012 >1012

resis tiv ty,
ohm [per square]

Dissipation 0.003 0.003 0.003
Factor

Temperature range, 150-350 150-350 *200-300
K

Outgassing TML 0.1% TML 0.1% Tnm 0.1%
CVCM 0.005 CVCM 0.005 CVCM 0.005

Ionizing radiation, 10-50 1-10 1 to 10
Mrad

-at distortion 330 350-500 200

r - a 1ure, K
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Table A-2

MATERIAL CHARACTERISTICS FOR DIELECTRICS, ADHESIVES, AND ELASTOMERS

* Property Dielectrics Adhesives Elastor.ers

Specific gravity 1200 to 1500 1200 to 1500 1200 to 1500
kg m

- 3

' Tensile strength, 20 50 * 10 to 50 *

MPa

Tensile modulus, 500-1000 3000-5000 * 100 to 500
MPa

* Shear strength 10 50 * 50 *
MPa

Compressive 50 50 25
strength,MPa

Impact strength, 0.25 0.5 5 to 10
J cm

-1

Flexure strength, 50 100 * 25
*MPa

Strain at failure, 51 * 50 to 500 *

Thermal expansi n 10 4  100 *
4

coefficient, K

Thermal con ductivity, 0.15 0.15 0.15

m - s- K

Specif c hat 1.5 1.5 1.5

kJ kg K
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Table A-I (Concluded)

Property Primary Load Bearing Secondary Fiber Reinforced

Glass transition >500 * 350-500 >500 *
temperature, K

Dielectric 3 3 3
constant

Electrical i012 to 1018 10 to 1018 1012 to i0 1 8

resistivity,
ohm cm

Dielectric 200 >100 200
strength

Surface 1012 to 1016 1012 1016 5 1016

resistivity, on fiber content
ohm [per square]

Dissipation <0.003 <0.003 <0.003
Factor

Temperature range, Cryogenic to 500 * 150-350 Cryogenic to 500 *
K

Outgassing TML 0.5% TM 0.5% TM 0.5%
CVCM 0.05% cvCM 0.05% CVCM 0.05%

Ionizing radiation, 100 * 10-100 500 *

Mrad

Heat distortion -500 * 350-500 >500 *
temperature, K
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Table A-I

MATERIAL CHARACTERISTICS FOR STRUCTURAL MATERIALS

Property Primary Load Bearing Secondary Fiber Reinforced

Specific gravity, 1500 1200 1500

kg m
- 3

Tensile strength, 100 * 20-50 * 10-100

MPa

Tensile modulus, 5000 * 500-1000 * 3000

MPa

Shear strength, 50 50 50

MPa

Compressive 100 * 50 100 *

stcength,MPa

Impact strength, 5 0.25 0.5

SJ cm-1

Flexure strength, 500 * 100 100

MPa

Strain at failure, 2-5 * 10 2-5 i

Thermal expansin <10 <10 < 10 -5

coefficient, K-

* Thermal c idlctivity 1.5 1.5 1.5
| ~J m-1 s-I K-+

SoeCifYc .at, 1.5 1.5 1.5

" kJk- K
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Appendix A

M4ATERIALS CHARACTERISTICS FOR SPACE-BASED APPLICATIONS

Tables A-i through A-3 list the typical properties for materials

used in space-based applications. Those qualities that may be considered

as requirements for specific applications are noted with an asterisk (*).

The specific values for each property include actual reported values or

inferences based on the actual materials used in various applications.

Sources include the reference lists of Section 3 and Appendix E.
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intractable and molecular characterization is impossible. We have shown

that it is possible to prepare electroactive polymer systems that are

processable and can be characterized. Continuing these investigations

into the basic relationships between conductivity and structure could

help clarify these basic scientific issues as well as aid in the

development of materials for space-based use.
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APPENDIX D

RELATIVE RATINGS OF DIELECTRIC MATERIALS

These ratings are taken from the "Space Materials Handbook"

(reference 1, Section 3) and illustrate the range of materials that can

be considered for specific applications.

Relative
Rating Application

A Preferred materials for insulation and dielectric
applications with stable properties in severe

environments.

B Satisfactory material with application limited by
initial properties or proper degradation in
radiation, or thermal environments.

C Use of such material limited to specific application
unless shielded by protection of vehicle skin or
container or some loss of certain properties can be

tolereated.

Generally "A" rated materials possess dielectric strengths in

excess of 200 V/mil and good environmental resistance. "B" rated

materials have high (,200 V/mil) dielectric strengths but lack

environmental resistance. "C" rated materials have relatively low

(150-175 V/mil) dielectric strengths and are limited to internal

applications.
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Appendix E

PROPERTIES OF COMMERCIAL AND EXPERIMENTAL
POLYMERS RELEVANT TO SPACE-BASED USES

The following is a list of materials that are used in

spacecraft or are candidates for use. The properties of each

material were evaluated based on the materials characteristics

listed in Appendix A. The number in parentheses corresponds

to the reference listed in the Reference List at the end of

this appendix. Values without a reference are estimates.

For some properties where ASTM standards are not used

(like radiation resistance) or where test conditions vary

(notch size in impact test or stress in heat distortion

temperature) direct comparisons between entries may not be

meaningful and it may be necessary to consult original

reference. Entries for a class, e.g., epoxies give typical

values or a range of reported values.
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Polycarbonate
Poly(oxycarbonyloxy- Acetal Copolymer
1,4-phenylene isopro- Poly(oxymethylene-

pylidene-I,4-phenylene) Poly (tetrafluomethyleni coethylene)i.(Lexan) (Tefl1on) (Celcon)

Specific gravity 1200 (1) 2150 (1) 1410 (1)
K3 m

-
3

Tensile strength 90 (1) 25 (1) 73 (1)
MPa

Tensile modulus 6000 (1) 420 (1) 3500 (1)
MPa

Shear strength 72.4 (2) 10 50

MPa

Ceompressive 124 (3) 10-16 (3) 110 (3)
strength .Pa

Impact strength 7.95 (4) 1.6 notched (6) 1.78 notched (1)
. cm

- I

Flexure strength 158 (3) 50 90-100 (6)
MPa

Strain at failure 110 (4) 300-450 (3) 40 (3)

Thermal expansiln 3 x 10
-5  

(1) 1 x 10
-4  

(1) 1.1 x 10
-4  

(1)
coefficient K

Thermal conductivity 0.160 (1) 0.25 (1) 0.31 (1)
J m- s-lK

-
l

Specific heat 1.1 (1) 1.0 (1) 1.46 (1)
KJ Kg- K71
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Polycarbonate
Poly(oxycarbonyloxy- Acetal Copolymer

1 ,4-phenylene isopro- Poly(tetrafluoro- Poly(oxymethylene-
pylidene-1,4-phenylene) ethylene) coethylene)
(Lexan) (Teflon) (Celcon)

Glass transition 418 (5) 160, 400; (5) -200
temperature K conflicting data

Dielectric 3.3 @ 50 Hz (1) 2.1 @ 60 Hz (1) 4 @ 50 Hz (1)
constant

Electrical >1017 8 x 1016 >1015

resistivity
acm

Dielectric 187 (2) 189 (1) 700 (1)
strength

Surface 1015 1013 1.3 x 1016 (3)
resistivity
a [per square]

Dissipation 9 x 10
- 4  

(1) 2.5 x 10
- 3  

(1) 1.1 x 10
- 3  

(1)
Factor @ 50 Hz @ 60 Hz @ 50 1z

Temperature range <418 Cryogenic to (1) 233-373 (1)
K 533

Outgassing TML 0.15% (1) THL 0.05% (1) TML 0.4% (1)
CVCM 0% CVCM 0.0% CVCM 0.02%

Ionizing radiation 10 (mechanical 10 (vacuum) (7) 5 (mechanical (1)
MRad properties) 0.1 (air) properties)

(damage threshold)

Heat distortion 419 @ 1.82 MPa 294 @ 0.45 MPa 383-400 @ (6)
temperature K 1.82 MPa
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PET PVF2

Acetal Poly(echylene- Poly(vinylidine-

Poly(oxymethylene) terephthalate) fluoride)

(Delrin) (Kynar)

Specific gravity 1420 (3) 1400 (1) 1800 (1)

Kg 4
- 3

Tensile strength 69 (3) 21 (1) 56 (1)

MPa

Tensile modulus 3590 (3) 2792 (3) 7000 (1)

MPa

Shear strength 53 (8) 50 55 (3)

MPa

Compressive 124 (3) 100 75

strength MPa

Impact strength 0.7 notched (8) 0.5 notched 2.0 notched (6)

J cm
- I  10.6

Flexure strength 97 (3) 110 (3) 60 (3)
, a

Strain at failure 40 (3) 70 (3) 25-500 (3)
%

Thermal expansin 2.61 x 10- 5  (8) 3 x 10- 5  (1) 2.62 x 10
-5  (3)

coefficient K-

Thermal conductivity 0.37 (3) 0.61 (1) 0.24 (3)
J u-ls- £

-
l

Specific heat 1.47 (3) 1.30 (1) 1.38 (3)

KJ Kg K
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PET PVF 2

Acetal Poly(ethylene- Poly(vinylidine-
Poly(oxymethylene) terephthalate) fluoride)
(Delrln) (Kynar)

Glass transition 243 (5) 342 (5) 233 (5)
temperature K

Dielectric 3.7 @ 50 to (3) 3.2 @ 50 Hz (1) 8.4 @ 102 Hz (3)constant 67.7 6 13 Hz
10 Hz 6.4 @10 6 Hz

Electrical 1015 6.4 x 109 - (3) 2 x 1015 (1)
resistivity I x 1018

Qcm (humidity sensitive)

Dielectric 197 (3) 280 (1) 300 (1)
strength

Surface 1 x 1015 (3) 6 x 1014 (3) 1012

resistivity
a [per square]

Dissipation 0.003 @ 50- (3) 2 x 10
-3 

@ 50 Hz (1) 0.049 @ I02 Hz (3)
Factor 1000 Hz 0.018 @ 106 Hz0.0005 @ 10

6 
Ha 0.17 @ 10 Hz

Temperature range 100-300 100-450 (1) 220-450 (1)
K

Outgassing TML 0.2% TML 0.3% (1) TML 0.36% (1)
CVCM 0.05% CVCM 0.02% CVCN 0.07%

Ionizing radiation 5 10 (mechanical (1) 10 (air) (7)
MRad properties) 50 (max)

Heat distortion 283-300 @ (6) 350 425 @ 0.45 MPa (6)
temperature K 1.82 MPa
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Polyimide Polyurethane Silicones
(Kapton H) (Solithane 113)

Specific gravity 1420 (1) 1073 (1) 1080-1880 (1)
Kg M

-

Tensile strength 17 (1) 2.85 3.40-6.60
MPa

Tensile modulus 350 (1) 200 (1) 150-250 (1)
MPa

Shear strength 75 10 10-50
MPa

Compressive 16.5 (5) 20 96.5 (2)
strength MPa

Impact strength 7.5 2.5 3.45 notched (6)
J c.

I

Flexure strength 150 80 79.2 (2)
MPa

Strain at failure 5-8 (5) 400-450 (3) 100-500
1

Thermal expansiln 2 x 10
- 5  

(1) 1.26 x 10
~ 4  

(1) 3.0 x 10 - 4  
(1)

coefficient K
-

Thermal conductivity 0.155 (1) 0.20 (1) 0.146-0.30 (1)
J m- s-IK

- I

Specific heat 1.09 (1) 1.80 (1) 1.5
KJ Kg'IK

-
1
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Polyimide Polyurethane Silicones
(Kapton H) (Solithane 113)

Glass transition 583 (5) 213-412 (5) 200-500
temperature K

Dielectric 3.5 @ 103 Hz (1) 3.0 @ 10 Hz (1) 4.2 @ 60 Hz (1)
constant 2.9 @ 103 Hz 2.75 @ 110 Hz

2.8 @ 106 Hz

Electrical 1013_ 1015 (23) 2.5 x 10 1 7 x 10 - 10 ( )

resistivity
Qcm

Dielectric 325 (1) 150 (1) 196 (1)
strength

Surface 1015 1 x 1015 (1) 1015

resistivity
,I[per square]

Dissipation 0.003 10 3 Hz (1) 0.032 @ 10' Hz (1) 0.0011 @ 106 Hz (2)Factor 0.033 @ 109 Hz
0.012 @ 106 Hz

Temperature range Cryogenic to 575 (1) Cryogenic to 450 (7) 230-355 (15)
K

Outgassing TML 1.3% (1) TML 0.4% (1) TML 0.18% (1)
CVCM 0.02% CVCM 0.03 CVCM 0.02

Ionizing radiation 500 (1) 1-10 (7) 5-200 ([5)
MRad

Heat distortion 500 250 755 (6)
temperature K
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Ionomer

Polyolefin Poly(etaylene-co- Nylon

Poly(ethylene-co- acrylic acid) Poly(Hexamethylene

propylene) metal salt adipamide)

(Thermofit) (Surlyn) (Nylon 66)

Specific gravity 1300 (1) 936-966 (6) 1060-1150 (8)

Kg 4
- 3

Tensile strength 14 (1) 26.9 (3) 67.1 (3)

MPa

Tensile modulus 670 (1) 140-410 (5) 2792 (3)

MPa

Shear strength 20 100 58-66 (8)

MPa

Compressive 55 (3) 50 101 (3)

strength MPa

Impact strength 0.5 notched 5.83 notched (6) 0.32-0.53 notched (8)

J cm
-1

Flexure strength 50 91.3 (3) 91.3 (3)

Strain at failure 40 (3) 132 (3) 132 (3)

Thermal expansiln 36 x 10 - 5  
(3) 2.56 x 10

- 5  
(8) 2.56 x 10

- 5  
(8)

coefficient K

Thermal conductivity 0.17 (3) 0.24 (3) 0.21 (3)

j M-ls- K-I

Specific heat 1.97 (3) 2.26 (3) 1.47 (3)

K.J Kg K
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lonomer
Polyolefin Poly(ethylene-co- Nylon
Poly(ethylene-co- acrylic acid) Poly(Hexamethylene
propylene) metal acid adipamide)
(Thermofit) (Surlyn) (Nylon 66)

Glass transition 175 450-500 313-384
temperature K

Dielectric 2.1 @ 102 - (3) 2.4 @ 106 Hz (3) 4.55 @ 102 Hz (3)

constant 16 H 4.32 @ 106 Hz
3.77 @ 10 Hz

Electrical I x 1014 (1) 1018 5 x 106 - 3 x 1017 (9)
resistivity (humidity sensitive)
Qcm

Dielectric 197 (1) 433 (3) 264 (3)
strength

Surface to16  1016 5 x 1013 (3)
resistivity
0 [per square]

Dissipation 0.0005 @ 10
6 

Hz 0.001 @ i1
2 

Hz (3) 0.019 @ 102 Hz (3)
Factor 0.002 @ 10 Hz 0.029 @ 106 Hz

0.048 @ 10 Hz

Temperature range 220-410 100-600 77-575 (7)
K

Outgassing TML 0.8% (i) TML 0.5% TML 1%
CVCM 0.09% CVCM 0.05% CVCM 0.05%

Io:izing radiation 20-50 1-5 0.9 continuous (7)
MRad 5 max tolerable

Heat distortion 34 @ 0.45 MPa (6) 400 330 @ 1.82 MPa
temperature K
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SN Pyrolyzed Kapton Emeralidines

Glass transition dec. dec. dec.
temperature K

Dielectric 3.5 2 1.5

constant

Electrical 103-1014 (22) 10 3-0
-
1 (23) 10 4-10

- 1  
(24)

resistivity
Qcm

Dielectric 2000 2500 1000

strength

Surface 1012 103-0 1 102

resistivity
0 (per square]

Dissipation 0.005 0.003 0.001

Factor

Temperature range Cryogenic to 350 Cryogenic to 500 100-350

K

Outgassing TML 0.05 TML 0.1 TML 0.05
CVCM 0.005 CVCM 0.05 CVCM 0.01

Ionizing radiation 1 100-1000 1-10

MRad

Heat distortion dec. dec. dec.

temperature K
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SN Pyrolyzed Kapton Emeralidines

Specific gravity 1250 1650 (23) 1200
Kg m- 3

Tensile strength 10 5 2.5
MPa

Tensile modulus 500 300 250
MPa

Shear strength 25 75 50
MPa

Compressive 25 50 50
strength MPa

Impact strength 0.25 notched 0.25 notched 0.25 notched
J cm- 1

Flexure strength 75 100 100
MPa

Strain at failure 1-2 2-5 5-7

Thermal expansin 7 x 10- 5  1 x 10- 5  1 x 104
coefficient K-

Thermal conductivity 0.25 0.146 0.20
Jm-is- lK - 1

Specifjc heat 1.5 1.0 1.2
KJ Kg- K71
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Poly(benzobisthiazole) Polyacylene quinone
PBT Polyphthalocyanines radical polymers

Glass transition dec. dec. dec.
temperature K

Dielectric 3.5 16-1300 (27) 50-6000 (28)
constant

Electrical 1012-1017 (26) 7-3 x 1O6 (27) 101-101
I  

(28)

resistivity

f2cm

Dielectric 2500 2000 3000
strength

Surface 1012 104 101-1010

resistivity
(per square]

Dissipation 0.003 0.005 0.005

Factor

Temperature range Cryogenic to 600 Cryogenic to 500 100-500

K

Outgassing TML 0.5% THL 0.5% TML 0.5%

CVCM 0.05% CVCM 0.05% CVCM 0.05%

Ionizing radiation 10-50 10-50 1-5

MRad

Heat distortion dec. dec. dec.

temperature K
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Poly(benzobisthiazole) Polyacylene quinone

PBT Polyphthalocyanines radical polymers

Speci ic gravity 1480 1300 1250
Kg m

°
-

Tensile stren.Lh 2400 (25) 100 75

MPa

Tensile modulus 250,000 (25) 5000 4000
?Pa

Shear strength 100 100 75
MPa

Compressive 100 100 50
strength MPa

Impac1 strength 0.75 notched 0.5 notched 0.5 notched
J cm

-
1

Flexure strength 200 200 150
Mpa

Strain at failure 1.5 (25) 2-5 2-5
z

Thermal expansiln I x 10
-5  5 x 10

- 5  5 x 10
- 5

coefficient K

Thermal conductivity 0.35 0.25 0.20
J m-ls-

1
K
-1

Specific heat 1.5 1.4 1.2
KJ Kg K

-
1
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Polypyrole Polyvinyl Pyridine Polyvinylcarbazole

Glass transition dec. 377-415 (5) 4235
temperature K

Dielectric 3 3 3
constant

Electrical 2 x 102 - (16) 1015 (17) 1012

resistivity I x 10
-
2 4 x 10 TCNQ complex

Qcm 
10 4 - 109 iodine

Dielectric 100 150 250
strength

Surface 102 1013 2.2 x 10
1
3 (18)

resistivity humidity snitive

Dissipation 0.003 0.001 0.001

Factor

Temperature range 200-350 100-300 100-300

K

Outgassing Reversible wt (16) TML 0.5 TML 0.5
loss @ 573 K CVCM 0.03 CVCM 0.03

Ionizing radiation 5-10 1-5 5-10

MRad

Heat distortion 375 375 400
temperature K
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Polypyrole Polyvinyl Pyridine Polyvinylcarbazole

Specific gravity 1480 (16) 1400 1250
Kg m

- 3

Tensile strength 25 50 75
MPa

Tensile modulus 500 1000 1000
MPa

Shear strength 25 75 75
MPa

Compressive 25 50 75
strength MPa

Impacl strength 0.25 notched 0.5 notched 0.5 notched
J cm- .

Flexure strength 100 150 200
M~a

Strain at failure 5 5
- 1

0 2-5

Thermal expansiyn I x 10
- 4  2 x 10

- 4  1 x 10 - 4

coefficient K
-

Thermal conductivity 0.35 0.15 0.20
J m-Is - K

-
1

Speciffc heat 1.2 1.2 1.2
KJ Kg- K

-
1
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Polyethylene Polypropylene

Glass transition 148 (3) 260-270 (3)
temperature K

Dielectric 2.3 @ 106 Hz (3) 2.3 @ 102 - (3)
constant 106 Hz

Electrical 1016 1016

resistivity

Qcm

Dielectric 276 (3) 256 (3)
strength

Surface 1014 1014

resistivity
Q [per square]

Dissipation 0.0005 @ 106 Hz (3) 0.0005 @ 10 - (3)
Factor 106 Hz

Temperature range 150-355 (7) 150-300
K

Outgassing TML 0.2% TML 0.2%
CVCM 0.05% CVCM 0.05%

Ionizing radiation 20-90 (7) 20-50
MRad

Heat distortion 315-355 @ (6) 320-350 @ (6)
temperature K 1.82 MPa 1.82 MPa
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Polyethylene Polypropylene

Specific gravity 910-965 (6) 903 (3)" Kg m- 3

* Tensile strength 4-38 (5) 34.5 (3)
MPa

* Tensile modulus 137 (3) 138 (3)
MPa

Shear strength 20 20

MPa

Compressive 19-25 (5) 38-55 (5)

strength MPa

Impact strength 8.48 (6) 0.2-7.95 (6)
J cm-1  0.1-0.4 notched

Flexure strength 33-48 (5) 54.4 (3)
MPa

Strain at failure 500 (3) 250

Thermal expansiln 4.63 x 10.5  (3) 2.78 x 10- 5  (3)
coefficient K

Thermal conductivity 0.33 (3) 0.18 (3)
J m-s 1 K 1

Specific heat 230 (6) 260-270 (3)
K-J Kg- K- 1
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Poly(viny lidine

fluoride-co-
Poly(acrylonitrile) Polyamideimide hexafluoro propylene)

(PAN) (Viton)

Glass transition 370 (5) 300 200
temperature K

Dielectric 4 3.5 @ 103 Hz (3) 2
constant

Electrical 10-  - 107  (10) I x 1017 2 x 1013  (1)

resistivity
Qcm

Dielectric 200 236 (3) 175
strength

Surface 10
1 5  1 x 1017 (3) 2 x 1013

resistivity
0 [per square]

Dissipation 0.001 0.001 @ i10 Hz (3) 0.0005
Factor 0.009 @ 10 Hz

Temperature range 100-400 200-350 200-500 (1)

K

Outgassing TfL 0.2% THL 0.7% TML 0.5% (1)
CVCM 0.05 CVCM 0.07 CVC4 0.02%

Ionizing radiation 5 10 10 (1)
MRad

Heat distortion 320 400 250

temperature K
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Poly(vinylidine
fluoride-co-

Poly(acrylonitrile) Polyamideimide hexaf luoro propylene)

(PAN) (Vi ton)

Speci ic gravity 1200 1400-1450 (2) 1850 (1)

Kg a
-

Tensile strength 83.3 (3) 50 15 (1)

KPa

Tensile modulus 1000 500 6.5 (1)

KPa

Shear strength 75 185.3 (3) 25

Ml's

Compressive 50 220 (3) 20

strength MPa

Impact strength 0.5 notched 1.32 notched (8) 2 notched

,! cm 7.42 unnotched

Flexure strength 125 211.4 (3) 75

Mpa

Strain at failure 5-10 12 (3) 75

-Thermal expansin 10
-  1.11 x 10

- 5  
(3) 5 x 10

- 4

coefficient K

Thermal conductivity 0.25 (3) 0.24 (3) 0.25
I~ ~ jm-Is- K-I

~j

Specific hear 1.26 1.1 1.0

KJ Kg K
-
1
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Epoxy Crosslinked Polystyrene

polystyrene

Glass transition 500-300 375 373 (5)
temperature K

Dielectric 3.4-3.9 (1) 2.53 (1) 2.6 @ 10 - (3)
constant 106 Hz

16 ~ 16 1
Electrical 4 x 1016 (1) >10 >1017
resistivity
Qcm

Dielectric 200 (1) 197 (1) 217 (3)
strength

Surface 5.7 x 10 (6) 10 1 1015

resistivity
o [per square]

Dissipation 0.003 @ 102 Hz (3) 0.0001 @ 106 Hz (1) 0.0002 @ 102 (3)
Factor 0.006 @ 106 Hz 6

0.03 @ 106 Hz 10 Hz

Temperature range 80-400 (7) 200-375 (1) 200-350
K

Outgassin, TML 0.4% (1) TML 0.2% (1) TML 0.2%
CVCM 0.07% CVCM 0.01% CVCM 0.01%

Ionizing radiation 10-100 (1) (7) 1000 (1) 100
MRad

Heat distortion 400-500 350 370 (6)
temperature K
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Crosslinked Polystyrene
Epoxy Polystyrene

Speci ic gravity 1200 (1) 1050 (1) 1050 (3)
Kg 6

-1

Tensile strength 40-92 50 (1) 26.5 (3)
MPa

Tensile modulus 2550-9500 (1) 2500-5000 2645 (3)
MPa

Shear strength 50 50 25
MPa

Compressive 124 (3) 100 71.5 (3)
strength a

Impact strength 0.265 notched (1) 0.25 notched 0.5-8.0 notched (6)
.1 cm

- 1

Flexure strength 110 (3) 100-200 130 (3)
: • MPa

Strain at failure 3-7 (3) 5 18-22 (3)

Thermal expansiin 6 x 10
- 5  

(1) 7 x 10
- 5  (1) 2.16 x 10

- 5

coefficient K
-

Thermal conductivity 0.170 (1) 0.146 (1) 0.144 (6)
J d-ls- K-l

Specific heat 1.2-1.5 1.39 1.39 (6)
KJ Kg-K
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Poly(phenylene Poly(p-xylene) Polyphenylene oxide
sulfide)

(Noryl)

Glass transition 358 (12) 400 482 (8)
temperature K

3 3Dielectric 5.4 @ 106 Hz (3) 2.7 @ 10 Hz (3) 2.65 @ 60 6 Hz (8)
constant 6.1 @ 10 Hz 2.65 @ 10 Hz

15_ 18167
Electrical 1010 undoped (12) 1016 1017'"resistivity 0

Qcm 1010 doped

Dielectric 183 (8) 275 (8) 216 (8)
strength

Surface 1011 1014 1016 (8)
resistivity
Q [per square]

Dissipation 0.012 @ 10 Hz (8) 0.0002 @ 103 Hz (8) 0.0005 @ 60 Hz (8)
66Factor 0.068 @ 10 Hz 0.001 @ 10 Hz

Temperature range 200-395 (7) 100-400 100-500
K

Outgassing TML 0.5% TMt 0.5% TML 0.5%
CVCM 0.05% CVCM 0.05% CVCM 0.05%

Ionizing radiation 1-100 (air) (7) 50 25
MRad

Heat distortion 350 375 450
temperature K
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Poly(phenylene Poly(p-xylene) Polyphenylene oxide
sulfide)

(Noryl)

Specific gravity 1340 (8) 1200 1060 (8)
Kg z

- 3

Tensile strength 69 (3) 62 (3) 66 (8)
MPa

Tensile modulus 2500 1000 2445 (8)
MPa

Shear strength 50 35 72.4 (8)
MPa

Comprcssive 113.6 (3) 75 100
strength MPa

Impact strength 0.159 notched (8) 0.2 notched 0.6 notched (8)
J cM

-1  
1.6-2.1 6.3

Flexure strength 117.1 (3) 100 103 (8)
MPa

Strain at failure 0.5 (3) 30 (3) 20 (8)
1

Thermal expansiln 1.67 x 10
- 5  

(8) 1.5 x 10
- 5  

1.83 x 10
-5  

(8)
coefficient K

-

Thermal conductivity 0.288 (8) 0.13 (3) 0.216 (8)
J M-ls-l K-1

Specific heat 1.7 1.3 1.4
KJ Kg-1
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DA Complex of TTF:TCNQ Metal Ion

Polyesters and Containing Coordination
Polycarbonates Polyurethane Polymers

-Specific gravity 1200-1400 1100 1200-2000

Tensile strength 34.5 (29) 10-40 (30) 10-20
* KPa

Tensile modulus 2480 (29) 500-1000 (30) 1000-2500

MPa

Shear stren~gth 40 10 25

I4Pa

Compressive 100 25 50

strength MPa

*Impact strength 0.5 notched 0.4 notched 0.2-0.5 notched

J c-

*Flexure strength 150 80 10-100

* MPa

Strain at failure 5 (29) 500-1000 (30) 2.5-10

Thermal expansit n 3 x 10- 1 x 10- 4 x 10-

* coefficient K

-Thermal c onnd u riv ity 0.5 0.2 0.5

Specific heat 1.4 1.5 1.5

KJ K
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DA Complex of TTF:TCNQ Metal Ion

Polyesters and Containing Coordination

Polycarbonates Polyurethane Polymers

Glass transition 363 (29) 250 dec.

temperature K

Dielectric 3.2 3.0 1.0

constant

Electrical 10121013 105-107 10-1-1013

resistivity
2cm

Dielectric 500 250 300
strength

Surface 10l2 10 10-

resistivity
Q [per square]

Dissipation 0.003 0.005 0.001
Factor

Temperature range 100-450 100-400 100-600
K

Outgassing TML 0.2 TML 0.5 TML 0.1

CVCM 0.05 CVCM 0.05 CVCM 0.05

Ionizing radiation 5-50 1-10 10-50
MRad

Heat distortion 400 250 250-500
temperature K
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Polyacetylene (Doped) Polydiacetylenes Polyphenylacetylene

Specific gravity 100-400 (19) 1370 (18) 1200
Kg m- 3

Tensile strength 3 2-17 (18) 10
MPa

Tensile modulus 10 42 (18) 25
MPa

Shear strength 5 25 20
MPa

Compressive 5 10 15
strength MPa

Impact strength 0.05 notched 0.3 notched 0.3 notched
J cm- I

* Flexure strength 75 200 150
MPa

Strain at failure .<300 (20) .3 (18) 10

Thermal expansiln 5 x 10- 5  5 x 10- 5  5 x 10- 5

coefficient K-

Thermal conductivity 2-6 x 10- 3  (21) 5 x 10- 3  (21) 2.30 x 0 (21)
J M-Is 1 K 1

Specific heat 1.4 1.4 1.2KJ Kg- K- 1
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Polyacetylene (Doped) Polydiacetylenes Polyphenylacetylene

Glass transition decomposes (20) decomposes (18) 350
- temperature K

p Dielectric 3 3 3

constant

[ Electrical 10 3-10 1 2  1015 1041012

resistivity
S cm

Dielectric 500 1000 1000
strength

Surface 10-  1015 10

resistivity
[per square]

Dissipation 0.001 0.001 0.003

Factor

Temperature range 100-350 100-400 100-400

K

Outgassing TML 0.1 TML 0.1 TML 0.5

CVCM 0.03 CVCM 0.03 CVCM 0.03

Ionizing radiation 1 1 10

MRad

Heat distortion dec. 350 dec.

temperature K
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Appendix F

COMPILATION OF POLYMER CONDUCTIVITY DATA

Electrical resistivity data for a range of commercial and

experimental polymers are summiarized in Appendix F along with comments

regarding the experimental conditions under which measurements were made

and the dependence of conductivity on temperature or radiation.

Materials are organized into general classes designated by a Roman

numeral, the specific literature reference by an arabic number, and

multiple materials in a given reference by lowercase letters. For

example, V6a is one specific polymer structure found in reference V6,
which is grouped with polyacetylene derivatives in Section V.
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10 Poly(phenyleneamino chioranils) 0 ,

a C

0 0

e UA 0

0

00

S0

IV 11 Occ1 3
11 Poly(N-carbazolyl- 0 0

ethyl vinyl ether)

12 Polv(azines) a +.~ 'TI1r 4~

b
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X11 7 acd(0

X11 8

XII 1-3 (j- ( )c-(.',)- Nylon 66

XIV 1 poly(benzobisthiazole) C

~ I'

3M ~ ~ J X t )5

0 0 0

0 0

6

eeadine

polyphenylene sulfide

9a

polydimethyl amino ( c- -
styrene y -C.

9b 06 X6

pol v(viny 1-2-phenothiazine)
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VII Typical structure,
Polvacenequinones, branching likely

VIII Polyvinyl carbazole 
9

(C -C-
Ix Polyvinylpyridine

X Typical structure,
crosslinked poly-
phthalocya

(-C-c-)poly vinyl ferroconylene
XII-l-a poly vinyl ferrocene F

XII-l-c poly(vinyl ferrocenylene co g ocIit tow~
anisaldehyde) A

oil

CIA "'C

XII-4 po (1,5 diformvl-2,6-dihydroxvnapthalene- XII-2 [KIP + (CN),
Cu -dioxime)
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7-

V7 poly (p-phenylenevinylene)

V8a. poly(p-amino phenylacetylene) C

b. poly(a-chlorophenylacetylene) rIII

a. polypropyne 14

b. polybutyne(c = . )

Vi 10 C- C.,-
poly (ethynylnapthalene)

Vii poly 2,4-hexadyne 14 )
V12 poly 1,6-heptadyne

V13 poly tetracyanoethylene ( )
A1Ic F

Vt 1,2,3 poly sulfurnitride
(SN) x
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T. %-. w-

V 1,2,3 Polyacetylene

Cis Trans

V5 1,\z - + ~ 5O'C4

Poly (2,4 hexadiin-1 ,6-diol-bistoluene sulfonic acid)

V4, V6 (-c C =
a, i polyphenylacetylene

b, j,k, l,m poly(p-methoxyphenyl-
acetylene)I

c poly(p-chloro phenylacetylene) t2II
d,n poly(cyano acetylene)

e poly(phenoxyacetylene)

f poly(p-methoxy phenacety- 0C143
lene co pchlorophenyl-
acetylene) 1:1 role ratio

g 1:2 mole ratio f- c c)

hpoly(cyanoacetylene co

phenoxyacetylene) 1:1 ( C C -)
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APPENDIX G

I Poly[N,N'-(p,p' -oxidi-phenylene)pyromellitimide]

o 0
It it
c c

0 o
TI

TFE poly tetrafluoroethylene P F

F F F

FEP poly fluorinated ethylene (c c ")-) ( €. - C

propylene coDolymer F F F "

F F
PFA poly fluoroalkoxy ethylene k c-c -o-)

F

Kel-F poly chiorotrifluoro c C

ethylene F P

III poly ethylene terephthalate 0 0

(-9 c 14

polyethylene c c

polypropylene t 1
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Appendix G

POLYMER STRUCTURES

Typical molecular structures for the polymeric materials included

in Appendix E are compiled here to illustrate the structural

similarities of different materials that are Insulating, semiconducting,

or metallic when doped with strong electron acceptors.
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13, 14 1,2 dinitrile polymers
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35 Poly(azophenylenes) general structure

Poly(Schiff base) polymers general structure
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