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theoretical models at the atomic level. Such studies should 
complement the results obtained from recent staging-ki- 
netics studies (e.g., Raman, optical and X-ray/neutron 
d i f f r a ~ t i o n ) . ~ J ' * ~ ~ * ~ l ~  A full account of our DHRTEM 
studies of staging mechanisms will be published in the near 
future. 
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An increasing interest is evident in the design and de- 
velopment of conductive polymeric electrolytes for the 
possible fabrication of solid-state batteries.' It has been 
shown previously that poly[bis(2-(2-methoxyethoxy)eth- 
oxy)phosphazene] (1) possesses an ambient temperature 

OCH2CH20CH2CH20CH3 

OCH2CH20CH2CH20CH3 

1 
ionic conductivity 2-3 orders of magnitude higher than 
poly(ethy1ene oxide), when each system is complexed with 
LiCF3S09.2-6 

However, a problem associated with the practical ap- 
plication of this polymer is its tendency to flow under light 
pressure. A method that has been employed successfully 
to increase the dimensional stability is the use of cross- 
linking. It has been shown that 1 can be cross-linked both 
chemically and by use of 8oCo r-irradiation.'* Recently, 
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Figure 1. The 360-MHz 'H and I3C NMR spectra in CDCls of 
(a) polymer 1 and (b) the swollen gel of cross-linked polymer 1. 

Abraham and co-workers reported another technique that 
utilizes LiAlC14 to form a stabilized complex with polymer 
1.10 

Chemical cross-linking requires the incorporation of a 
difunctional reagent, thus introducing impurities into the 
system. @'Co y-irradiation is a much cleaner method, but 
its limited accessibility and related expense make use of 
this technique less attractive. 

We report here that ultraviolet radiation can be used 
to cross-link polymer 1. This method offers advantages 
in that it allows efficient cross-linking of 1 via an inex- 
pensive, readily available ultraviolet radiation source and 
yields a pure product. 

The polymer 1 utilized in this study was synthesized via 
published me thod~ .~?~J l  In a typical reaction 1 was dis- 
solved in tetrahydrofuran with 10 mol % benzophenone 
added as the photoinitiator. This mixture was then solu- 
tion-cast as a film on glass, and the solvent was allowed 
to evaporate. The polymer-coated glass slides were then 
placed in quartz reaction tubes, which were purged with 
argon, sealed, and irradiated for 20 min with a 450-W Hg 
lamp.12 The cross-linked films were then purified by 
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extraction of the swollen gels in tetrahydrofuran (see 
Scheme I). 

Irradiation of 1 induces side-group coupling reactions 
to form a stable, cross-linked polymer matrix. The pres- 
ence of cross-links was apparent from the swelling behavior 
and failure of the polymer to dissolve in tetrahydrofuran 
or water. The effect of the cross-linking was further ev- 
idenced in the 'H and 13C NMR spectra (see Figure 1). 
The broadening of the peaks, compared to those in the 
non-cross-linked polymer 1, was indicative of a decrease 
in side-group m0bi1ity.l~ A probable mechanism for 
cross-linking involves photolytic cleavage of C-H bonds 
followed by carbon radical re~ombination.'~ 

It was also found that ultraviolet cross-linking of 1 was 
possible even in the absence of a photoinitiator and that 
this reaction was not dependent on the type of solvent (see 
Scheme I). The degree of cross-linking was found quali- 
tatively to be greater for a given exposure time when 
benzophenone was ut i l i~ed. '~  However, a cross-linking 
process that does not involve the addition of a photoini- 
tiator has obvious advantages if the system is to be used 
for conductivity experiments. Previous studies have 
demonstrated that cross-linking of polymer 1 provides 
increased dimensional stability without reducing the ionic 
cond~ct ivi ty .~*~ 

Due to the similarity of the substituents in polymer 1 
to the backbone structure of poly(ethy1ene oxide), films 
of the latter polymer were also investigated. Films of 
poly(ethy1ene oxide) were also shown to undergo cross- 
linking both in the presence and absence of benzo- 
phenone.ls 
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It has recently been shown that the anion radical of 
disulfonate salt 1 aggregates into a-stacks in aqueous salt 

solutions.' Described here are studies that demonstrate 
that this solution-phase aggregation can be enhanced by 
small amounts of cationic polymers, e.g., 2+, and that it 
is possible to electroprecipitate thin films composed of 
1-/2+. Spectroscopic studies show that these air-stable 
films are somewhat anisotropic with stacks of 1- anion 
radicals running preferentially along the plane of the thin 
film. Because of this structure the electrical conductivity 
is much higher along the film than across the thin di- 
mension. These films have the further unusual property 
that the conductivity increases by lo3 as the relative hu- 
midity changes from 0 to 90%. Close analogues of this 
material are conductive films composed of TCNQ- and 
cationic polymersa2 These TCNQ- films are, however, 
isotropic and decomposed by moisture. Nonpolymeric, but 
anisotropic, films of 1 have been prepared by using the 
Langmuir-Blodgett method? as have conducting LB films 
containing TCNQ-.4 

1 2+ 

To study the aggregation in solution, aqueous solutions 
of 1- (1-5 mM) were formed by reduction of 1 with sodium 
dithionite. As previously demonstrated,' these solutions 
are composed primarily of a-dimers, which have an ab- 
sorption maximum at  1140 nm. Addition of an amount 
of polymer 2+ sufficient to balance the charge on the tri- 
anion 1- led to a spectrum with a near-infrared absorption 
maximum a t  1700 nm. This band is characteristic of a- 
stacks.'*6 Thus, the cationic polymer provided a template 
to organize the dimers into stacks in solution. We know 
of no previous example of this phenomenon. 

Although it was possible to precipitate the salt 1-,2+ as 
a black solid'p6 a more interesting result was obtained by 
electroprecipitation.' Thus an aqueous solution of 1 (1 
mM), with 2+C1- (0.1 M) present as the supporting elec- 
trolyte, was reduced at a platinum electrode. The potential 
was held at -0.2 V vs SCE. Over a period of many minutes 
the current held steady at 0.01 mA cm-2, and a shiny film 
grew on the surface. When thin, the film was brown; when 
thicker, it was black. After drying in vacuum, films 10-50 
pm thick could be peeled off of the electrode. They were 
stable in air for more than 1 month. XPS analysis con- 
firmed the elemental composition to be consistent with the 
structure 1-,2+, with substantial chloride but only traces 
of sodium. 
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