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THE EFFECT OF SOLVATION IN CONDUCTING POLYMERS 

JANE E. FROMMER 

Allied Corporation 
Morristown, New Jersey 07960 

ABSTRACT 

The incorporation of solvent molecules into solid-state organic conduc- 
tors affects both electrical and mechanical properties of the conducting 
complexes. Evidence for this has been appearing from the numerous 
Laboratories currently involved in conducting polymer research. On com- 
piling these examples, common rationale for the observed effects can be 
formulated based largely on the behavior of smaller molecules as found 
in the organic literature. Nonetheless, the examples must be considered 
on a case-to-case basis. In assigning the source of solvent effects, the de- 
termination of whether solvation is occurring on the charged polymer 
backbone or on the (oppositely charged) dopant counterion is critical. 
Among the proposed causes of solvent effects are solvent-separated ion 
pairing, charge depinning, and plasticization. 

INTRODUCTION 

Conducting polymers are created by the oxidation or reduction of conju- 
gated organic polymers. In this way, such polymers as polyacetylene, poly- 
aniline, polythiophene, polypyrrole, polyphenylene, poly(pheny1ene sulfide), 
and polyphthalocyanines [ 11 have been converted from insulators to conduc- 
tors of electrical current. Studies on conducting polymers have primarily 
focused on the organic moiety of the conducting complex, i.e., the polymer 
backbone. This may be due to the accepted belief that the electronic proper- 
ties of a conducting polymer are dictated by the electron energy levels of the 
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450 FROMMER 

organic polymer. It has been seen that conductivity is indeed more strongly 
determined by the polymer composition than by the ionizing agent (“dopant”) 
[ la ]  . A variety of dopants has been used to affect the insulator-to-conductor 
transition, for example, Iz, FeC13, AsF, [ I ]  . In addition to the conducting 
material‘s two components of polymer and dopant counterion, an increasing 
amount of evidence for incorporation of solvent molecules into the conduct- 
ing complexes has been accumulating. The effect of this solvation sphere on 
conductivity, mechanical properties, and kinetic behavior is notable; the ex- 
planations are expected to be strongly case dependent. Examples of these ef- 
fects will be presented, together with discussion of possible common causes. 

RESULTS 

Solvent incorporation has been reported for both p-doped and n-doped 
conducting polymers. In an example of the former case, the conductivity of 
acid-doped polyaniline has been shown to be affected by the incorporation of 
water into the doped complex [2]. On exposure to water vapor (at room tem- 
perature), HC1-doped polyaniline undergoes an increase in conductivity of ap- 
proximately one order of magnitude, from -1 to -10 S/cm. This effect is re- 
versible; on removing the water by application of vacuum, the conductivity 
returns to the original “dehydrated” value. Separate quartz microbalance 
measurements [3] recorded during the electrochemically mediated ion in- 
sertion process indicate that 0.5-2 equivalents of water are involved for every 
C1-. The Hz 0:Cl- stoichiometry is a function of film thickness. Under simi- 
lar conditions, when the dopant counterion is Br-, HS04-, C104-, or CF,COO-, 
no water molecules are incorporated in the doped complex, This selective in- 
corporation of water is consistent with the greater tendency of chloride salts 
than of the other mentioned salts to solvate in aqueous media [4] . 

therefore the composition) of the diffusing species for the case of perchlorate- 
doped polypyrrole [5] .  In this example, the electrochemical charging and dis- 
charging of the polymeric electrode material is carried out in an electrolyte of 
lithium perchlorate in tetrahydrofuran (THF) solvent. Measurements of mass 
change in this process indicate, not unexpectedly, perchlorate uptake on dop- 
ing. However, on neutralization of the films, perchlorate counterions do not 
migrate out of the films into the bulk electrolyte to be charge compensated; 
rather, charge pairing is accomplished by migration of lithium ions into the 
fiim from the bulk electrolyte. Mass measurements indicate that each lithium 
ion is solvated with approximately four THF molecules [6].  

The quartz microbalance has also been applied to  determine the mass (and 
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The effect of solvent molecules on n-doped conducting polymers has been 
demonstrated by the example of sodium-doped polyacetylene [ 7 ] .  On being 
exposed to vapors of tetrahydrofuran, the sodium-doped polyacetylene ex- 
periences a dramatic rise in conductivity. The effect is most marked at low 
doping levels (e.g., 0.2 Na per 100 CH repeat units). The solvation of alkali 
metal cations by ethers, which is widely reported in the chemical literature 
[8], occurs by interaction between the positively charged alkali metal atom 
and a lone pair of electrons on the oxygen of the ether molecule. It is not 
surprising, then, that ether solvation of alkali metal dopant counterions would 
occur in the conducting polymer environment. 

Mechanical properties of conducting polymer films have also been modi- 
fied by incorporation of solvent molecules. In this context, the entrapped sol- 
vent molecules presumably act as plasticizers. For example, p-toluenesulfonic 
acid and its sodium salt (sodium tosylate) exist as hydrates. When the tosylate 
anion is incorporated as the dopant counterion into electrochemically synthe- 
sized polypyrrole, the resulting doped film exhibits exceptional flexibility 
[ 9 ] .  Elemental analysis indicates inclusion of both water (2-3 wt%) and sol- 
vent acetonitrile (4-6 wt%) into the doped complex. Removal of the solvent 
and water (by heating under vacuum) results in a reversible loss of the favor- 
able mechanical properties. The choice of a dopant counterion can influence 
the extent to which solvent molecules bind to the polymeric complex, depend- 
ing on the tendency of the particular ion to be solvated. 

One need not be restricted to monomeric solvent molecules for examples of 
the effect of plasticization on the physical properties of conducting polymers. 
Blends of conducting polymers with more tractable components are appearing 
with increasing frequency in the literature [lo]. The traditional problem of 
conducting polymer intractability is being addressed in this way. 

The first examples of sohtions of conducting polymers involve the use of 
inorganic solvents. In the first, liquid AsF, dissolves p-doped conducting poly- 
mers, e.g., AsF, -doped poly@henylene sulfide) [ 111 . Elemental analysis and 
enhanced flexibility indicate incorporation of a significant amount of the 
solvent AsF, in conducting polymer films that were cast from these solutions. 
The second uses molten iodine to solubilize iodine-doped polycarbazole [ 121 . 
A descriptive model has been proposed for both systems, in which solvation 
of dopant counterions (e.g., AsF6- and 13-) results in a nearly polymeric array 
of solvent and dopant species [ le] . 
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DISCUSSION 

FROMMER 

The pivotal question in a discussion of the effects of solvation is whether 
solvation occurs predominantly in the polymer backbone or on the dopant 
counterion. In approaching the issue case-by-case, the histories of the particu- 
lar counterions must be considered: their tendencies to solvate via acidic or 
basic (electron accepting or donating) mechanisms. Likewise, the particular 
solvent’s tendency to stabilize positive or negative charge must be considered. 
And finally, model compound results for the polymer backbone, taken from 
organic radical and ion chemistry, bear strongly on prediction of the solvata- 
bilities of their macromolecular counterparts. 

In assigning the role of incorporated water in the solvation of the chloride 
dopant counterions for HC1-doped polyaniline, it follows that the observed 
effect on conductivity stems from the environment of the dopant counterion. 
One manner in which this might occur is charge-depinning [ 131 . Such solvent 
separation of the polymer-bound cation and the inorganic anion would de- 
crease the extent of contact ion pairing [ 141 , which is an arrangement of ions 
and counterions that fosters charge localization (see Fig. 1). If the net effect 
of reduced contact ion pairing is t o  encourage charge delocalization along the 
polymer backbone, then this could account for the increase in electronic con- 
ductivity observed on exposure of the doped polyaniline samples to water. 

A similar explanation would account for the effect that THF incorporation 
has on the conductivity of n-doped polyacetylene. For the example of sodium- 
doped polyacetylene, solvation of the dopant counterion (Na+) leads to reduced 
contact ion pairing with the negatively charged polymer. This depinning, if 
fostering delocalization of polymer backbone charge, would be manifested in a 
higher conductivity. 

A- 

solvent (sL 
SAS 

S 
CONTACT ION PAIRED SOLVENT-SEPARATED ION PAIRED 

FIG. 1 .  Conversion of contact ion pairing to solvent-separated ion pairing. 
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The solvation of alkali metal cations by ether molecules is again evidenced 
by the example of perchlorate-doped polypyrrole. Approximately four equi- 
valents of THF surround the lithium ion which, in this case, is present not as 
the dopant counterion, but instead as the cation of the electrolyte salt lithium 
perchlorate. Although no effect of bound THF has been noted, this example 
serves to demonstrate that solvent incorporation can occur via solvation of 
species other than the polymer-dopant complex. 

Finally, in the example of tosylate-doped polypyrrole, complexed aceto- 
nitrile solvent and complexed water might play different roles. Precedence in 
the organic literature for hydration of tosylate anions implicates the water as 
a solvator of the dopant counterion. Acetonitrile, on the other hand, is known 
more for its tendency to donate electron density in the stabilization of posi- 
tive charges. Therefore, the acetonitrile in this example could be stabilizing 
the polymeric cation though the strong physical affinity between water and 
acetonitrile cannot be ruled out. Solvating acetonitrile (CH3 CN) molecules 
have been incorporated in a perchlorate-doped model compound for conduct- 
ing polyaniline [ 151 . The crystal structure of the complex, 
[CgH5NHtC6H4NH-f3C6Hg]  ’+ - 2(C1O4-)-CH3CN, documents the posi- 
tion of the solvent molecule as being in close proximity to the dicationic oligo- 
mer. The nitrile may, therefore, be interacting with the positive charge on the 
polymer backbone. 

CONCLUSIONS 

The above examples illustrate the increasing documentation of solvent in- 
corporation into conducting polymer complexes. Evidence for the effects of 
solvent on electrical and mechanical properties is also mounting. In certain 
cases where solid evidence exists in smaller molecule chemistry, solvation can 
be assigned as occurring on the dopant counterion. In other cases, the role of 
incorporated solvent as plasticizer approaches well-established systems of 
blends and composites in polymer chemistry. Undoubtedly, as solvent inclu- 
sion in conducting polymers continues to be noted, appreciation for its influ- 
ence on the behavior of these electroactive macromolecules will grow. 
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