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ABSTRACT

When films of the semiconducting polymer, trans-
polyacetylene, (CH)x arc exposed to chlorine, bromine or
iodine vapor, uptake of halogen occurs; and the conductivity
increases markedly, over seven orders of magnitude in the
case of iodine. Although the randomness of the halogenated
polyacetyléne may be playing an important role, the behavior
is like that of a series of semiconductors with activation

energies which vary with halogen content. Transport studies

of the most highly conducting composition (CH_Io i BT

o

suggestive of metallic behavior. : !
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Polyacetylene is one of the simplest linear conjugated
« polymers with a single chain structure as shown in Figure 1. Each

carbor is c-'bonded to one hydrogen and two neighboring carbon atoms
consistent with sp° hybridization. The m-electrons are therefore available
to delocalize into a band. In this idealized situation of a2 uniform chain
(i. €., no bond alternation) the resulting half-filled con.duction band would
give rise to metallic behavior.

tudies of T-m" transitions in short chain polyenes (for example

(CH)n where n < 18) have indicated that the frequencies do not fall as n ®

as expected for z free electron picture, but appear to saturate at

B

5B i 1atue) =~ 2.4 eV. Bond alternation is present in the polymer anfl

3 . 4 e 1
would be expected to lead to semiconducting behavior. However, Ovchinnikov

has estimated the bond alternation energy gap to be too small and aliributed

the observed value to Coulomb correlation effects; i. e. a Hubbard gap.

- . . 2- . xt
In a series of studies Shirakawa et al. < succeeded in synthesizing high
A :

quality polycrysté.lline films of (CH)x, and developed techniques for con-
trolling the cis-trans-content. b These materials are semiconductors;
the trans isomer, which is the thermodynamically stable form at room

temperature, has a higher conductivity (0 4.4x107° ohm™ cm™?)

PTAK

thzn the cis isorner (G =1.7x10°° ohm™1 ecm™?).

2i3 K

Shirakawa and Ikeda8 have noted that exposure to bromine vaimr
3 for short periods caused a dramatic decrease in infrared transmission
& (400 ern”! to 4000 cm™!) suggesting the presence of electronic absorption
at very low frequencies. In this paper, we present an initial studys of the

cffect of halogen doping on the electrical properties of polyacetylene. We
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find that the electrical conductivity of halogen doped (LLEI)x can be syste-
., matically increased by as much as seven orders of magnitude, and the

associated thermal activation energy decreased frorn initial values of

4 about 0.3 eV6 to near zero (~ 0.01 eV). i
Polyacetylene crystalline films were preparcd with the techniques
2-6 :
developed by Shirakawa et al. in the presence of a Ziegler catalyst. X-ray

diffraction and scanning eclectron micrograph studies show that films of

any cis and trans composition are crystalline and consist of matted

fibrils. The cis-trans content was controlled by thermal isomerization;4'

in this paper we focus on results obtained from the trans form. Details

of preparation and characterization have been published alsewhere. Samples

used in the electrical conductivity study were cut from polymer films :

approximately 0.1 mm to 0.5 mm in thickness. Platinum wires and

Electrodag were used to make electrical contacts to the films. All mea-

surements of the conductivity used four-probe direct current techniques.
The conductivity was monitored during the room temperature : 1

reaction with hzlogens. The halogen vapor pressure was controlled by

the temperature of the halogen bath (connected to the separate conductivity
.' cell by a glass tube). The halogen content in the final product and at
| various stages in the reaction were determined from weight up-take and £
verified by chemnical analysis.
Figure 2 shows the electrical conductivity of polyacetylene
as a function of iodine concentration. The initial sample was

trans rich with room temperature conductivity of 3.2 x 107% (Q-cm) ™2,

After the three hour reaction, the sample containing approximately one




P

. (CHBr
°

3

iodine per five CH, (CHI] '33))', reached a conductivity of 38 (Q-cm)™?;

L]
ar increase-of scven orders of magnitude. The sample cell was subse-

quently pumped out and the sample kept in vacuum. During this
period, the conductivity remained high; 20 (-cm)™ after two days.
Separate measurements of three samples of (CH Io. = )'x gave an average
conductivity of 30 (Q-cm)2.

Similar results have been obtained.for the other halogens, bromine
and chlorine. For the case of bromine the-conductivity of the polymer
increases by about four orders of magnitude to give silvery films of
N )x Ha.ving a conductivity of 0.5 (Q-cm) ™1 at room temperature.
The fully brominatéd compound, poly-monobromoethylene is an insulator.
Qualitatively similar reéults are obtained with chlorine, but the increase
in conductivity is smaller (about three orders of magnitude).

The conductivities of samples of polyacetylene doped with various
concentrations of iodine and bromine were measured as a function of tem-
perature. The results for several (CHIy)x samples are shown in Figure.s
3 and 4. The temperature range covered by the measurements depended
on the resistance of the sample; for the highest conductiyity sample, data
were obtained over the entire range from 300 K to 3 K,

In general, we find that plots of 4n g vs. 1/T do not give straight
line behavior as seen for a few selected iodine concentrations in Figure 3,

1 2
Plotting the data as gng vs. T ¢ (or T *) tends to give more nearly
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straight line behavior as shown in Figure 4. Nevertheless, we usc the
initial slope .of the 1/T plots to determine the thermal activation energy,
Eo' which serves as 2 simple index of the conductivity behavior. The
activation energy is shown on the inset to Figure 3 as a function of iodine

concentration. Pure trans-polyacetylene has an activation energy of

approximately 0.3 eV6. On doping with halogen, the activation energy

drops rapidly reaching a value as low as O. 016 eV at about 23% iodine.

Similar results are obtained for bromine doping (C'HBry)x. In the latter

case, Eo(Br) goes through a minimum valué less than 0.1 eV at about
y =0.05 increasing at high bromine content with insulating behavior

observed in the fully brominated compound.

Figure 4 shows the temperature dependence of samplc? of the

high conductivity polymer (CHIo.za )x plotted as log g vs. T i ford =1

(open circles) and d = 3 (closed circles). The curves tend to be straight

1
over 2 substantial temperature interval suggesting that ¢ = o, exp[-(TolT)dq}'l].
However, more extensive experimental stucies are required before a strong
conclusion on the best value of n or even the validity of such an expression
can be reached. Figures 3 and 4 do indicate that a simple semiconductor
picture with 2 single activation energy is inadeguate to describe the high
conductivity regime.

Although the initial polyacetylene is crystalline, disorder may

play an important role in the doped polymer. The results summarized

in Figures 3 and 4 are typical of transportin disordered and amorphous
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systems. Variable range hopping between localized states leads to
)

temperature dependences of the form g « exp_ -('I‘O/’r)T;'f ] where d is the

dimensionality of the transport (e.g. d = 3 for three dimnensional motion, etc.).
Studies of the temperature dependence of the conductivity of

polycrystalline (SN)_ and organic conductors such as TTF-TCNQ often

show activated behavior even though the single crystal data indicate metallic

" behavior. The low apparent activation energy and high room temperature

conductivity of doped polyacetylene suggest that this may be the case in this
system as well. The value of (300 K) = 30 (2-cm)™* found for (cmo.aa);

is in\deed comparable to or greater than typically found for (SN)x polycrystal-
line cornpalctions12 or ﬁlms13 (reported values range from 10 (Q-cm);1 to

60 (()-cm) ™! depending upon substrate conditions)l4 or polycrystalline
compactions of TTF-TCNQ (c(300 K) =15 (Q-cm) ™). 7 Moreover, the
temperature behavior shown in Figures 3 and 4 is qualitatively similar to
that found16 in (SN)x films where the temperature dependence has been
attributed to interparticle contact.

If indeed the doped polyacetylene is approaching metallic behavior,
the relative importance of bond alternationand Coulomb correlation effects must
be considercd.l Doping with halogen acceptors n_ﬁght be expected to remove
electrons from the otherwise filled lower Hubbard band thereby leading to
a large reduction in activation energy and an approach to metallic behavior.
Alternatively, the doping may tead to reduce the bond alternation toward

a more uniform chain. Structural, magnetic and infrared studies relevant

to these questions are underway.

e




In summary, we have shown that halogen doped polyacetylene forms

a2 new class ‘of conducting polymers in which the electrical conductivily can
be systematically and continuously varied over a2 range of seven orders of
magnitude. The associated thermal activation energy decreases with
halogen doping. The properties of the high conducﬁvi{:y compositions

are suggestive of metallic behavior in which the transport is limited by ’

intei'particle contact in the polycrystalline films.

S




L g

)

10.

11.

12.

13,

14.

For a summary of these data and detailed references see A. A.
Ovchinnikov, Sov. Phys. Uspehki 15, 575 (1973)

H. Shirakawa and S. Ikeda, Polym. J. 2, 231 (1971)
H. Shirakawa, T. Ito and S. Ikeda, Polym. J. 4, 460 (1973)

T. Ito, H. Shirakawa and S. Ikeda, J. Polym. Sci. Polym. Chem.
Ed. 12, 11 (1974) j

T. Ito, H. Shirakawa and S. lkeda, J. Polym. Sci. Polym. Chem.
Ed. 13, 1943 (1975)

H. Shirakawa, T. Ito and S. Ikeda (unpublished results) (1976)
H. Shirakawa and S. Ikeda (unpublished results) (1976)

H. Shirakawa, E. J. Louis, A. G. MacDiarmid, C. K. Chiang
and A. J. Heeger, Chem. Commun. in press

H. Fritchie in Electronic Properties of Materials, Ed. by
R. H. Bube (McGraw-Hill, New York 1972) Chap. 13; A. K,
Jonscher, J. Vac. Sci. Technol. 8, 135 (1971); R. S. Allgaier,

ibid. 8, 113 (1971); R. M. Hill, Phil, Mag. 23, 59 (1971)

N. F. Mott, Phil. Mag. 19, 835 (1969); N. F. Mott, FestkSrper-
probleme 9, 22 (1969)

V. Ambegrokar, B. I. Halperin and J. S. Langer, Phys. Rev.
B 4, 2612 (1971)

M. M. Labes, Pure Appl. Chem. 12, 275 (1966)

A, A. Bright, M. J. Cohen, A. F, Garito and A. J. Heeger,

< iy4

Appl. Phys. Letters 26, 612 (1975)

W. D. Gill, W. Beyer and G. B. Street, Bull. Am. Phys. Soc.
£2, #3, 372 (1977)

L. B. Coleman, Ph.D. Thesis, University of Pennsylvania, 1975

F. De La Cruz and H. J. Stolz, Solid State Commun. 20, 241 (1976)




Figure Captions:

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Polymer chain structure of polyacetylene; cis and trans
forms are shown.

Electrical conductivity of icdine doped polyacetylene films,
(CHI )x‘ as a function of jodine concentration. .  The inset
shows the activation energy as obtazined from measurements
of the temperature dependence (see text).

Normalized ternperature dependence of the clectrical
conductivity of (CHIY)\; films for various concentrations
of iodine (y = 0, 0.013, 0.037, 0.079, 0.19, and 0.23).

1
The log ¢ vs. T d*l for (CHI _,),. The two curves cor-
respond tod =1 (©©®) and d =3 (© 0 0),




Figure 1:

TRANS

Polymer chain structure of polyacetylene; cis and trans

{orrms are shown.
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I Figure 2: Electrical conductivity of iodine doped polyacetylene films,
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(CHI .}__,, as a function of iodine concentration. The insect
shows the activation energy as obtained from measurements

—of tha temperature dependence (see text). » - : .
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