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ELECTRICAL CONDUCTIVITY OF HALOGEN-DOPED POLYACETYLENE *

C. K. Chiang , Y. W. Park and A. J. Heeger
Department of Phy sics and

Laboratory for Resear ch on the Structure of Matter
University of Pennsylvania , Philadelphia , PA 19104

and

B. Shirakawat , E. 3. Louis and Alan G. MacDiarmid
- Department of Chemistry and -

Laboratory for Research on the Structure of Matter
• University of Pennsylvania, Philadelphia , PA 19104

• ABSTRACT

• When film s of the seriiiconducting polymer , trans.-

polyacetylene, (CH) arc exposed to chlorine, bromine or

iodine vapo r , uptake of halogen occurs; and the conductivity

increases markedly, over seven orders of magnitude in the

case of iodine. Although the randomness of the halogertated

polyacetylene may be playing an important role, the behavior

is like that of a ser ies of semiconductors with activation

energies which vary with halogen content. Transport  studies

of the most highly conduc ting composi t ion (Cl-il
0 ~) are

suggestive of metallic behavior.

~Supportcd b y the Office of Naval Resea rch  Contract No. N0 0014 -75-C-0962.

t Pcrmanent Address :  Tok yo Inst i t u t e  of Technology, Tokyo , Japan. 
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Polyacet ylene is one of the sirt ip 1e~ t iine~t r ( Onj t ~ Y t~ -J

• . polymers w ith a sing le chain st ruc tu re  as shown in Figure  1. Each

carbon is c-bonded to one hydro gen and two nei ghboring carbon atoms

consistent with sp2 hybridi zation. The it-electrons are ther efore  available

to delocalize into a band. in this idealized situation of a uniform chain

(i. e., no bond alternation) the resulting half-filled conduction band would

give rise to metallic behavior .
1

Studies of ir-rr transitions in short chain polyenes (for example

-
‘ (CH) where n � 18) have indicated that the frequencies do not fall as

• as expected fr r  a free electron pic ture .. but appear to saturate at

larg e) 
2. 4 eV. Bond alterr~ation is present in the polymer and

would be expected to lead to sen-iicoriducting behavior. However , Ovchi nnikov ’

has estimated the bond alternation energy gap to be too szi~ali and attribuied

the observed value to Coulomb correlation effects; 1. e. a Hubbard gap.

In a series of studies Shiraka’.va et al. 2 -6  succeeded in synthesizing hig h

quality polycrystalline film s of (CH)~~
, and developed techniques for con-

• trolling the cis-trans-content.  ~ ‘ ~ These mater ials are semiconductors; 6

the trans isomer , which is the thermod ynamically stable form at room

• temperature , has a hi gher conductivity (a 273 K = ~ • x lO~~ ohm~~ cm~~~)

than the cis isomer ‘~ 273 K 1. 7 x 1O~~ ohrn~~ cro ’) .  
6

Shirakawa and Ikeda 8 have noted that exposure to bromine vapor

for short periods caused a dramati c dec rease  in in f ra red  t ransmiss ion

(400 crn 1 to 4000 cm ’) suggest ing the pr esence of electroni c a b s or p t i n n

at ve ry  low frequencies .  in this paper , we present  an i n i t i a i  study
8 of  t~

effect of h alogen dop in g on the e lec tr ica l  p roper t i e s  of pol ya cu t y l * - T ~~- . \h



2

find that the e lec tr i ca l  conduc t iv i t y of }ialo~~cn c~ p~-~ (G~ c~~ be ~~~ I C  -

maticall y increased  by as much as seven ord ers  of magni tude, and the

associated thermal activation energy decreased fro m initial values of
• 6about 0. 3 eV to near  zero ( i —  0. 01 eV).

Polyacetylene crystalline films were prepared with the techniques

developed by Shirakawa et al. 2 -6 
in the presence of a ~~ieg 1er catalyst. X-ray

diffraction and scanning ~lectron zn icrograp h studies show that films of

any cis and trans composition are crystall ine and consist  of matted

fibrils. The cis-trans content was controlled by th ermal isomerization;4’ ~

in this paper we focus on results obtained from the t r ans  fo rm. Details

- 8
of preparation and characterization have been published ~lsewhere. Samples

used in the electrical conductivity study w er e  cut f rom polymer film s

approximately 0. 1 ~nm to 0. 5 mm in thickness . Pl atinum wires and

- 
Electrodag were  used to mak e 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

reaction with halogens. 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 prbduct and at

various stages in the reaction were  determined f rom weig ht up-take and

veri fied by chemical anal ysis.

Figure 2 shows the e lec t r ica l  conducti vity of pol yacety lene

as a fu n c t i o n  of i od in e  concentra t ion .  The ini t ia l  sample was

t r p ~~.- r ic~a wT-~ room t . .mpe ra tur e  c o n d u c t i v i t y of 3. 2 x IO ~~ (c]-crn )~~ -

A f t e r  t~ ’. .• t :~~• ce hc~ur  rc~~cti~~n , th e  ~iLmp lc c ü n t ~ i ~ i n ~ a p pr o x im at e l y one

— • — --~~~~~~~-
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iodine per f ive  Cli, (C1110 ~~~~~, r *~~~hcd  a cond uctivit y of 38 (c1-cm) ’;

an increase of seven orders of magnitude. The sample cell was subse-

quently pumped out and the sample kep t in vacuum. During this

period, the conductivity remained high; 20 (~ -cm ) 1  af t er two days.

Separate measurements of three samples of (CH I ) gaye an average

conductivity of 30 (ti-cm) ’.

Similar results have been obtained for the other halogens , bromine

and ch’iorine. For the case of bromine the conductivity of the polymer

increases by about four orders of magnitude to give silver y films of

• (CHBr 0 0  
) having a conductivity oI 0.5 (C-cmY~ at room temperature.

The fully brominated compound, pol y-rnonobrornoeth ylene is an insulator .

Qualitatively similar results 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 (CHI ) samples are shown in Figures

3 and 4. The temperature range covered by the measurements depended

on the resistance of the sample; for the highest conductivity sample , data

were obtained over the entire rang e from 300 K to 3 K.

In general , we find that plots of In a vs. lIT  do not give straight

line behavior as seen for a few selected iodine concentrations in Figure 3.
1

Plotting the data as j .n 0 vs. T~~ (or T 4 ) tends to give more nearly
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• straight lin e behavior  as shown in Figure  4. Neverthe le s s , we use  the

initial slope of the l/T plots to determine the thermal activation energy,

E , which serves as a simple index of the conductivity behavior. The

activation energy is shown on the inset to Figure 3 as a function of iodine

concentration. Pur e trans-pol yacetylerie has an activation energy of

approximately 0. 3 eV
6. On doping with halogen, the activation energy

drops rapidly reaching a value as low as 0. 016 eV at about 23% iodine.

SImilar results are obtained for bromine doping (C}lBr). In the latter

case, E0
(Br) goes through a minimum value 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 conductivi ty polymer (CH 1~ 23 ) plotted as log a vs. T d+ 1 f or d = I

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

over a substantial temperature interval suggesting that a

However, more extensive experimental studies 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 a single activation energy is inadequate to describe the high

conductivity reg ime.

Although the initial polyacetylene is crystalline , disorder  may

play an impor t an t  role in the doped poly.ner. Thc~ results summarized

in Figures 3 and 4 are  t)T cal of tr~ nspor t in d i so rde red  and amorph ous

- --
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9 10 , 11
systems. Var iable  range  hopp ing bct ’.v ecn l oca l i zed  st . . tes  ler ~d s to

•

temperature dependences of the form ~ 
ex~ _ (T0/T)d+i ] w h er e  d is the

• dimensionality of the transport  (e. g. d = 3 for three dimensional motion , etc. ).

Studies of the temperature dependenc e of the conductivity of

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

show activated behavior even thoug h the single crystal data indicat e metallic

behavior. The low apparent activation energy and high room temperature

conductivity of doped polyacetylene suggest that thi s may be the case in this

system as well. The value of a(300 K) 30 (cl-cmY~ f ound for (C R1 )
0 , 23 X

is indeed comparable to or greater than typically found for (SN) polycrystal-

12 13
line cornpactions or films (reported values range from 10 (cl-cm) ~ to

60 (cl-crnY1 depending upon substrate condi tions)
14 or polycrysta]line

cornpactions of TTF-TCNQ (a(300 K) 15 (çl-cmY ’ ). 15 M oreover , the

temperature behavior shown in Figures 3 and 4 is qualitativel y similar to

that found 16 in (SN)
~ 

films where the temperature dependenc e has been

attributed to iriterparticle contact.

11 indeed the do p ed pol yacetylene is approaching metallic behavior ,

the relative importance of bond alternation and Coulomb correlation effects  must

1
be considered. Doping with halo g en acceptors  might be expected to remove

electrons from the otherwise filled lower Hubbard band thereby leading to

a large reduct ion in activation energy  and an approach to metalli c behavior.

Alternatively, the doping may te~id to reduce the bond alternation 
toward

a more uniform chain.  S t ruc tura l , magnet i c and i n fr a r e d  studies re levant

to these questions are underway. 
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• In s u m m a r y ,  we have  shown that hal~~;~e~ doped po l yacet ylene  for  s

a new class of conducting polymers  in which the electr ical  conductivity can

be systematically and continuously varied over a range of seven orders of

magnitude. The associated thermal activation energy decreases with

halogen doping. The properties of the high conductivity compositions

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

interparticle contact in the polycrystalline films.

p
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• Fj p ur e_C: p t ions :

Figure 1: Polymer chain s t r u c t u r e  of polyacety lene; cis  and t r an s
fo rms are shown.

Figure 2: Electrical conductivity of iodine doped pol yacety lenc  f i lms ,
(C~~ ) , as a funct ion  of iodine concent ra t ion .  The inset
show s the activation energy as obtained f rom measu remen t s• 
of the t empera ture  dependence (see  text).

Figure 3: Normalized t e rnp era t~~re dependence of the e lec t r ica l
conductivity of (CI-U~~)~ fi Lms for  various concen t ra t ions
of iodine (y 0 , 0 .0 13 , 0 . 0 3 7 , 0 .079,  0. 19, and 0 . 2 3 ) .

1• 
Figure 4: The log r~ v5~ T d~ 1 for (CR1 03 

~~ 
The tv~o curves cor-

respond to d = 1 (°  0 U) and d 3 (0 0 0) .
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