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Figure 3. Conductivity as a function of reciprocal temperature 
for linear poly(ethy1ene imine) containing the molar ratios of NaI 
to monomer indicated on the curves. All data were obtained upon 
increasing the  temperature. 

dissolved, uncomplexed NaI crystals [indicated by asterisks 
in Figure 21 are first seen at  a molar ratio of 0.3 and in- 
crease in intensity as the salt concentration is increased 
beyond that point. In other words, NaI in excess of 0.3 
mol/mol of (CH2CH2NH) does not dissolve in or complex 
with the polymer but remainti-as a separate phase. 

The dc conductivity as deduced from complex impe- 
dance measurements is shown as a function of reciprocal 
temperature in Figure 3. Data are for PEI containing 0.1 
and 0.3 mol of NaI per mole of monomer repeat unit. We 
presume that the conductivity exhibited by the polymer 
to which we have not purposely added salt is due to ionic 
impurities, most likely sodium hydroxide left from the 
hydrolysis step in the synthesis of the polymer. The 
change in slope of conductivity vs. T' occurs when the 
semicrystalline polymer melts near 75 "C for the pure 
polymer and near 60 "C in the presence of 0.1 mol of NaI 
per mole of monomer. No evidence for a phase change 
below 150 OC is seen for the sample containing 0.3 mol of 
NaI per mole of polymer. Upon addition of 0.1 mol of NaI 
per mole of monomer repeat, the conductivity in the 
polymer at 60 "C increases from 6 X loT8 (Q cm)-l to 1.5 
X lo4 (!7 cm)-'. However, when the molar ratio of NaI to 
polymer is increased to 0.3, conductivity is greatly reduced 
below values obtained before the purposeful addition of 
salt. Only at  temperatures above 120 OC does the con- 
ductivity of the polymer containing 0.3 mol of NaI per 
mole of monomer exceed that of the starting polymer. The 
maximum in conductivity as a function of salt concen- 
tration has been observed in other polymer-salt systems3s5' 
but the "pure" polymer has the lowest conductivity in those 
systems. As mentioned above, we have no assurance that 
all of the NaOH from the hydrolysis step has been removed 
from our sample. Steps were taken to remove the solvent 
used in preparing the films and precautions were taken 
to exclude moisture in subsequent steps as stated previ- 
ously. 
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Linear poly(ethy1ene imine) has been shown to dissolve 
sodium iodide up to a maximum concentration of about 
0.3 mol of NaI per mol of monomer repeat unit. At  low 
concentrations, the salt interferes with the ability of the 
polymer to crystallize while a t  higher concentrations, the 
salt and polymer form a complex crystalline phase which 
melts near 150 "C. After melting the complex crystalline 
phase which formed upon evaporation of a mutual solvent 
for polymer and salt, it  does not re-form upon cooling at 
the rates studied. The conductivity of the poly(ethy1ene 
imine) containing 0.1 mol ratio sodium iodide is 5 X lo+ 
(Q cm)-' at 75 "C, which is lower than the values commonly 
obtained for salt-containing poly(ethy1ene oxide). The 
demonstrated capability of nitrogen-containing polymers 
to dissolve salts BS well as oxygen-containing polymers may 
help in the understanding of solid polymeric electrolytes 
with enhanced ionic conductivity near room temperature. 
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New Route to Carbon Fibers: Pyrolysis of 
Poly(cyanogen) 

In a recent paper,' we have described the electropolym- 
erization of cyanogen (ethanedinitrile) in acetonitrile 
containing an organic electrolyte. A poly(cy:lliogen) (PCN) 
having the structure [C(CN)=N], is obtained with a 
molecular weight of approximately 5000. Because the 
reaction involves formation of the heterocyclic anion 
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Table I 
Carbon Fibers from Poly(eyanogen) 

time at 1060.,.c . " 1 1  

H'ITP'C HTT? h R m p77/p3m E.,deV 
700 12 1000 10.0 0.021 
700 36 9 2.1 0.007 
900 12 8 1.4 0.003 
904 12 7 1.2 0.002 

1 W  36 3.1 1.20 0.002 
loo0 36 2.5 1.16 0.001 
1500 4 1.7 1.07 0.0007 
1500 4 1.7 1.04 0.0004 

'Heat treatment temperature. bThe furnaces were brought to 
the HTT in <10 min, with the exception of the 1500 "C experi- 
ments, where the furnace was preheated prior to sample insertion. 
(Resistivity at 300 K. dFrom p = po exp(E./kT). 

C,Nf,23 followed by its formation of an open-structured 
dimer: the polymer is not an ordered chain but contains 
some C-C and N-N links as well in the hackhone. In 
analogy to the well-!mown conversion of poly(acrylonitri1e) 
(PAN) to carbon fibers,' this polymer might be expected 
to form a carbon network, perhaps incorporating more 
nitrogen into the structure than would be encountered in 
PAN-based fibers. In this communication, we wish to 
report successful formation of PCN fibers, their conversion 
to carbon fibers at temperatures up to 1500 "C, and their 
conducting properties. 

PCN of approximately 5000 molecular weight was pre- 
pared in a single-chambered argon-purged electrochemical 
cell. (CN)2 (1.2 M) in acetonitrile containing 0.1 M tet- 
raethylammonium tetrafluoroborate was subjected to 9 V 
dc at  an initial current of 60 mA for 48 h using glassy 
carbon electrodes. Polymer forms at the anode and flakes 
off into the cell. The yield of PCN is typically approxi- 
mately 45% of the (CN12 employed. A small amount of 
oxidation is encountered, and the C/N ratio is approxi- 
mately 1.2; however, NMft spectroscopic evidence indicates 
no significant incorporation of the solvent acetonitrile into 
the polymer.' A typical analysis of PCN is as follows: % 
C, 49.2; % N, 44.8; 90 H, 2.8; % 0, 1.5. 

Solutions of PCN in tetrahydrofuran (THF) are pre- 
pared by stirring approximately 10% polymer in THF 
overnight. Solvent is evaporated until the polymer con- 
centration is 35-40% by weight. From this deep brown 
viscous solution, it is possible to draw fibers with a pipet 
by pulling slowly. Lengths of 10 in. or more are easily 
drawn with fiber sizes from a few micrometers to 50 pm. 
All these operations are performed in an argon-purged 
glovebox. 

These flexible fibers show distinct uniaxiality when 
viewed between crossed polars on an optical microscope. 
Scanning electron microscopy reveals good uniformity of 
the fibers (Figure 1). By placing them in quartz tubes in 
vacuo or in ceramic tubes in an argon atmosphere, they 
may be heated to various temperatures. They retain their 
morphology (Figure 1) and strength. To  date we have 
studied electrical properties of heat-treated samples to 
temperatures of 1500 "C. X-ray studies and mechanical 
testing are in progress. 

Thermogravimetric analysis of PCN heated to 1000 "C 
was performed on a Perkin-Elmer TGS-2. PAN shows a 
weight loss of 6047% under these circumstances, whereas 
rayon shows a weight loss of 87-89% when carbonized to 
1000 W5 PCN shows a weight loss of 67% to 1000 "C. 
The G N  ratio at 700 "C is 5 1  and at  900 "C is 101. Table 
I is a summary of the electrical resistivity data. A standard 
four-probe dc technique was employed on carbon fibers 
mounted utilizing conducting silver paint. Temperature- 
dependent resistivity measuiements were performed be- 

Finure l. Scannine electron microeraohs of fibers. Wooer 
phi-nph, poly(cy&ogen) drawn frok'THF. Lower pha-'iph, 
carbon fiber derived by heating nt 700 "C. 

tween 77 and 298 K by inserting the sample block in a 
liquid nitrogen Dewar flask. 

The low band gaps observed in PCN carbonization are 
atypical of carbon fibers, while the resistivities are similar 
to  those observed in fibers produced from PAN, pitch 
mesophase, or benzene decomposition! Because of the 
simplicity employed in the heat treatment procedure for 
PCN and the achievement of considerable conductivity a t  
temperatures as low as 700 "C, this new route to  carbon 
fibers seems attractive. Further work in elucidating the 
mechanical and electrical properties is under way, in- 
cluding treating at  higher HTT's. 
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