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ABSTRACT: Poly(pheny1 vinyl sulfoxide), a soluble precursor to polyacetylene, was synthesized by anionic 
polymerization. Different fractions of the thermally labile phenyl vinyl sulfoxide pendant groups were oxidized 
to thermally stable phenyl vinyl sulfones in order to control the degree of conjugation in the polymer main 
chain after elimination. The mean conjugation length (MCL), the total number percentage of nonconjugated 
structures or nonconductive defects, and the weight and volume fractions of acetylene unita in the eliminated 
copolymers were calculated and correlated with their bulk conductivities after doping with iodine. A sigmoidal 
dependence on conductivity and a maximum in the dissipation factor measurement were observed for the 
four calculated variables over the full composition range. Compared to the effective-medium the04 for a 
conducting composite, the transition range is rather broad and the "percolation" threshold at about 3538% 
by volume of acetylene is equivalent to a MCL of 3 and 25% defects. 

Introduction 
Organic conducting polymers have been one of the 

focuses of polymer research in the past decades.192 The 
application of conducting polymers, however, is still very 
much limited. This is due to conjugated polymers in 
general being difficult to process and having low thermal 
and environmental stability, especially after doping. Their 
electrical conductivities are also less than desirable when 
compared to those of metals and alloys. The conductivity 
of a saturation doped conducting polymer normally is in 
the range of 101to 103 S/cm before orientation or stretching. 
This is considerably less conductive than metallic con- 
ductors like copper, which has a conductivity in the range 
of 106 S/cm and the capability of carrying a larger current 
density. These are some of the drawbacks that restricted 
conducting polymers from replacing metals in a wide range 
of electrical applications. Yet conjugated polymers possess 
novel and special properties that are essentially different 
from metals, such as their low relative densities, semi- 
conducting and nonlinear optical characteristics, etc. Thus 
conducting polymers have promising new applications like 
lightweight rechargeable batteries, molecular size micro- 
electronic and photonic devices or sensors, etc. Besides 
metal-like conductivity, there has also been a demand for 
materials with a range of resistivity and permittivity for 
electronic and electrical applications. 

The mechanism of charge transport in a polymeric 
conductor is still not very well understood. A high degree 
of conjugation is suggested to be a prerequisite for high 
conductivity due to the availability of delocalized r-elec- 
trons. Mechanisms such as hopping, tunneling, and band 
gap theory have been proposed. A further complication 
to the situation has been due to experimentally measured 
bulk conductivity usually being a combination of intra- 
chain, interchain, and interparticle (or interdomain) charge 
transportprocesses. A recent study by Thakur3 has shown 
that a nonconjugated polymer also has a manifolded 
increase in conductivity upon doping. The phenomenon 
was suggested to be a result of formation of conducting 
complexes in the presence of electron-releasing substit- 
uents. In the past, polyacetylene with different substit- 
uents has been synthesized but no significant or systematic 
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changes in electrical properties have been reported.ls4The 
substituted groups affected also both the stability and the 
morphology (such as crystallinity) of the conducting 
polymer. It is therefore difficult to establisha relationship 
between the nature of the substituent and the intrinsic 
conductivity of the pdymer chain. By control of the degree 
of elimination in a conducting precursor, however, the 
degree of conjugation can be readily correlated with the 
electrical properties of the resulting conducting polymer. 

Polyacetylene (PA) has been the most studied con- 
ductingpolymer since ita chemical structure is simple and 
its synthesis is relatively easyS4 In the Shirakawamethod,6 
Ziegler-Natta catalyst was used to produce an infusible 
polyacetylene film with fibrillar structure. To improve 
on its processability, soluble  precursor^^^^ as well as block 
or graft copolymers of polyacetylene8*9 have been prepared. 
Recently, a series of papers by Kanga and Hogen-Each et 
al.'OJ1 has demonstrated the feasibility of synthesizing 
poly(pheny1 vinyl sulfoxide) via an anionic polymerization 
technique. The result is an organic solvent-soluble PA 
precursor with known and narrow molecular weight 
distribution. 

In this study, electrical properties of a series of PA 
resulting from the elimination of poly(pheny1 vinyl sul- 
foxide) and its copolymers are reported. In order to 
establish a correlation between the degree of conjugation 
in the polymer's backbone structure and ita electrical 
properties, the anionic prepared polymers were oxidized 
randomly to convert the thermally labile phenyl vinyl 
sulfoxide pendant groups to thermally stable phenyl vinyl 
sulfone moieties. The copolymers then underwent thermal 
elimination to produce a series of acetylene-phenyl vinyl 
sulfone copolymers with different mean conjugation 
lengths. The mean conjugation length, the volume and 
weight fractions of the acetylene units, and the total 
number of nonconductive defects in the copolymers were 
all calculated in order to establish their relationships with 
the bulk electrical properties measured. The applicability 
of Bruggeman's effective-medium theory for a conducting 
composite is also investigated for this conducting copol- 
ymer system.'* 

Experimental Section 
Phenyl vinyl sulfide (VS), phenyl vinyl sulfoxide (VSO), and 

phenyl vinyl sulfone (VSO2) were prepared according to the 
synthetic routes suggested by Paquettels with some modifications. 
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Figure 1. Synthetic routes for the monomers and conducting 
copolymer precursor. 

A summary of the reactions that leads to the formation of the 
monomers and the resulting copolymers is given in Figure 1. All 
chemicals and solvents used were reagent grade unless otherwise 
specified. 

Synthesis of the Monomer. Thiophenol (Fluka) (50 mmol) 
was added slowly to a 15% sodium methoxide solution at  room 
temperature. The resulting sodium thiophenoxide solution was 
added dropwise to a solution containing 75 mmol of 1,2- 
dibromoethaue and methanol under constant stirring. At the 
end of the addition, an equal portion of 15% sodium methoxide 
was poured into the reaction mixture. The solution was then 
refluxed for 8 h. Water was added to the final mixture at room 
temperature, and methylene chloride (MeCl) was used to extract 
VS from the aqueous phase. The product VS was purified by 
vacuum distillation (4&45 OC, 1 mmHg). The yield for VS was 
about 72%. The major side product for this reaction was 1,2- 
bis(pheny1thio)ethane and its yield can be further reduced by 
raising the molar ratio of 1,2dibromoethane. 

VS was oxidized to VSO in acetic acid by a 2 molar excess of 
30% hydrogen peroxide added dropwise. The mixture was 
allowed to react for 24 h at  room temperature. The product VSO 
waa collected by extraction from the aqueous phase using MeC1. 
VSO waa further purified by vacuum distillation (92 OC, 0.2 
mmHg) over calcium hydride. The yield was 80%, and the loss 
was moatly due toVS0 decomposition during distillation. VSOZ 
waa obtained by oxidation of VS in acetic acid using an excess 
of 4 M 30% hydrogen peroxide added dropwise. The mixture 
was then heated to 110 "C for 1 h. The product was again 
extracted from the aqueous phase using MeCl. VSOZ was 
collected and purified by recrystallization in n-hexane. After 
drying under vacuum, the yield was 89%. The chemical 
composition and purity for each of the reaction products were 
determined by IR spectrometry and 'H-NMR. 

Anionic Polymerhation. Five different lithium anionic 
initiators were used for the polymerization of VSO. A 1.6 M 
n-butyllithium (n-BuLi) in n-hexane solution was purchased 
(Fluka) and used "aa received". Other lithium initiators, all a t  
approximately 1 M, were prepared in this lab using lithium metal 
and their parent compounds in dried tetrahydrofurane (THF). 

The initiators were "packed" under dried nitrogen in an ultrasonic 
bath at room temperature. Two alkyllithium initiators (n- 
butyllithium (n-BuLi) and phenyllithium (PhLi) prepared from 
purified bromobenzene), one electron-transfer initiator (lithium 
naphthalide (LiNaph) from purified naphthalene), and two 
delocalized carbanions ((diphenylmethy1)lithium (DPMLi) from 
purified diphenylmethyl chloride and (triphenylmethy1)lithium 
(TPMLi) from triphenylmethyl chloride) were used for the 
anionic reaction. The molar concentration of the initiators was 
determined using the Gilmen titration method" before use. 

Polymerization was carried out in a glass manifold purged 
with high purity (above 99.96% ) nitrogen or argon gas. The gas 
was purified after passing through a column of molecular sieves 
(4 A) and a "BTS" (from Fluka) catalytic oxygen trap. All other 
glasswares were dried in an oven (130 "C) overnight, and the 
reactor/manifold system went through a few cycles of vacuum- 
inert gas pumping before the reactions. The solvent, monomer, 
and initiator were all transferred using syringes. 

The solvent used for polymerization was THF. The solvent 
was first distilled over copper(1) chloride toremove peroxide and 
then refluxed with sodium metal under nitrogen for 24 h. An 
indicator, benzophenol, was added for indication of dryness. 
Freshly distilled THF was used for each polymerization batch. 
In a typical polymerization reaction, 50 mL of dried THF was 
first injected into the reaction flask. A few drops of the initiator 
was added to titrate the solvent from all remaining trace amount 
of impurities. Then 0.5 mL (for a 1 M initiator) of initiator was 
injected into the solvent, and the reaction temperature was 
lowered to -78 O C  using an a c e t o n d r y  ice bath. VSO (5 mL) 
was added last under constant stirring. The reacting solution 
turned greenish-yellow immediately, indicating the presence of 
'living" a-lithio sulfinyl carbanion. The reaction was terminated 
using degassedmethanol after a 30-min reaction time. The poly- 
(phenyl vinyl sulfoxide) (PVSO) was collected by precipitation 
with diethyl ether. It was purified by further precipitation and 
followed by vacuum drying to a white powder. The molecular 
weight (MW) of the polymers was determined by gel permeation 
chromatography (GPC) and viscosity measurement. Since PVSO 
is unstable at room temperature, it was kept below -20 "C under 
a nitrogen blanket before further reaction or analysis. 

Oxidation, Elimination, and Doping. Poly(pheny1 vinyl 
sulfoxide) was oxidized to random copolymers of phenyl vinyl 
sulfoxide and phenyl vinylsulfone using 55 % m-chloroperbenzoic 
acid (mCPBA). Different amounts of mCPBA were finst diesolved 
in MeCl and were then added slowly to 5 1 0 %  MeCl polymer 
solutions under vigorous stirring. The copolymers were each 
purified by reprecipitation twice using THF and diethyl ether 
followed by vacuum drying. For complete oxidation to poly- 
(phenyl vinyl sulfone) (PVSOd, an excessive amount of 30% 
hydrogen peroxide (up to 20 M) in acetic acid was used. The 
completely oxidized polymers eventually precipitated out from 
the reaction solution after 24 h. The PVSO2 was collected from 
water and purified by another precipitation using chloroform 
and methanol. The extents of oxidation were characterized by 
IR spectroscopy. 

Predried powders of PVSO and its oxidized copolymers were 
die-cast into pellets of 0.5 in. in diameter using a KBr sample die 
and a 12-ton lab press. The pellets obtained were clear smooth 
films with thicknesses in the range (1-3) X 10-8 in. In the 
elimination step, the pellet was first placed in a small g h  reactor 
connected to a vacuum source (109 to lo-' mmHg) fitted with 
a cold trap. The reactor was then placed in a furnance equipped 
with a temperature controller (Shimadzu Model SR24-1Y-000). 
The sample was heated from room temperature to the selected 
elimination temperature at a rate of 1 "C/min and was then kept 
at the masimum temperature for 4 h. The sample color changed 
gradually from light yellow to reddish-brown or black depending 
on the oxidation level. The optimal elimination temperature 
was found to be 150 "C. After the reactor has been cooled to 
room temperature, the reactor was fiied with dried inert gas. 
Then about 10 mL of degassed toluene (sufficient to cover the 
sample) was added to the eliminated pellet (now appeared porous) 
in order to extract all the remaining elimination side products, 
benzenesulfenic acid (PhSOH) and its dehydrated products. After 
2 h, the solvent was withdrawn and a fresh batch of toluene was 
added to repeat the washing process. Finally, the pellet waa 
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Figure2. Infr-ared spectrum of a poly(pheny1 vinyl sulfoxide) homopolymer (5015.5) and its oxidized copolymer (5015.5-013). The 
absorption regions used for the calculation of degree of oxidation are indicated by the dashed linea. 

dried under vacuum. Since polyacetylene is highly reactive 
toward air, the sample was handled under inert gas for all analysis 
except for electrical measurement which will be performed under 
ambient conditions. The extent of elimination was determined 
by a gravimetric method. 

Polyacetylene (p-PA) obtained from the elimination of PVSO 
homopolymer was doped using either a n- or p-type dopant 
including iodine, concentrated sulfuric acid (97 % ), concentrated 
perchloric acid (70% 1, and 1 M sodium naphthalide THF solution. 
Except for iodine, the eliminated pellet was doped by immersing 
into the doping solution under inert gas atmosphere. After hours, 
the liquid was withdrawn and the sample dried in vacuum. A 
gas-phase doping method was used for iodine. The polymer pellet 
was first placed in a glass reactor filled with inert gas together 
with aome iodine crystals. The reactor temperature was then 
lowered to the boiling point of liquid nitrogen before evacuating. 
The reactor was then isolated from the vacuum source before 
returning to room temperature for 24 h. For the partially oxidized 
copolymers and the uneliminated PVSO and PVSO? samples, a 
higher doping temperature a t  50 OC was adopted for the purpose 
of a higher dopant diffusion rate. All samples were doped to 
saturation, and the doping level was determined by gravimetric 
method. 

Characterization. lH-NMR and infrared (IR) spectroscopy 
were employed for routine analysis of the monomers, homopoly- 
mers, and copolymers. The extent of oxidation for PVSO was 
determined by comparing their IR absorptivities a t  1040 cm-l 
(S=O stretching) and 1310 cm-l (O==S=O stretching). The 
concentration of sulfoxide and sulfone in the copolymer was then 
derived from a calibration curve constructed from mixing purified 
PVSO with VSOz monomer at  different weight ratios. A typical 
IR spectrum of PVSO and ita partially oxidized product is shown 
in Figure 2. For liquid samples, a sodium chloride cell was used; 
for solid samples, they were either in the format of a KBr pellet 
or polymer thin film. All IR spectra were recorded on a Hitachi 

150-20 or a Bio-rad FTS-45 FTIR spectrophotometer. 'H-NMR 
spectra were recorded on a JEOL JNM-PMX 60SI NMR using 
CDCls as solvent and TMS as internal standard. 

The instrinsic viscosity of the PVSO homopolymers and a 
series of polystyrene molecular weight standards (Polymer 
Laboratories, MW = 10200, 28000, 87000, 410000) were 
determined with a Cannon-Fenske capillary viscometer a t  25 "C 
using THF as solvent. GPC measurement for the polymer 
samples was carried out in a Waters Model 590 HPLC equipped 
with a Polymer Laboratories column (PL gel-5g mixed) and a 
refractive index detector. The eluent employed was degassed 
and microfiltered THF. A universal calibration curve was 
constructed by plotting the product of the intrinsic viscosity ([VI) 
and the molecular weight (MW) of the polystyrene standards 
against their retention times ( t ) ,  Le. [vIMW VB t .  The molecular 
weight of the PVSO polymers was calculated on the basis of the 
universal calibration curve. 

Thermal analyses were performed on a Shimadzu DSC-50 
differential scanning calorimeter interfaced to a personal com- 
puter and a Shimadzu TGA-40 thermogravimetric analyzer. 
Samples in powder form were uaed whenever available, and all 
runs were carried out under nitrogen purge. The heating rate 
was 5 OClmin from room temperature to 600 to 800 OC for TGA 
and 20 OC/min from room temperature to 200 OC for DSC studies. 
Electrical property measurements were effected on a GenRad 
1693 RLC digibridge. Volume conductivity was measured using 
a knife-edge four-point probe test fiiture, and the dissipation 
factor was obtained by the parallel plate method. All metallic 
contacting points were gold-plated. The digibridge was set to 
constant current mode, and the testing frequencies were 0.0117, 
0.1, 1, 10, and 100 kHz. Resultafrom thelowest testingfrequency 
at 11.7 Hz were compared to dc conductivity from other studies. 
In order to avoid the possibility of dopant loss in air, electrical 
measurement for all doped samples was performed as soon as the 
sample was exposed to air. 
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Table I. Anionic Polymerization of VSO Using Various Initiators in THF at -78 'C 
the0 eXP amt added ("01) 

sample initiator initiator VSO monomer f i n  Mn M W  Mw/Mn [VI (dL/g) 
13 700 15 200 16 400 1.21 0.059 59 

~~ 

5015.2 1 M TPMLi 0.3650 32.85 
5021.2 1 M TPMLi 0.5475 49.27 
S029.1 1 M TPMLi 0.7299 65.69 
S014.5 1 M DPMLi 0.3650 32.85 
S013.8 1.2 M LiNaph 0.7300 32.85 

1.2 M PhLi 0.3650 32.85 
1.5 M n-BuLi 0.3650 32.85 

Results and Discussion 
Polymer Preparation and Characterization. For 

the five anionic initiators tried for the polymerization of 
VSO, only the electron-transfer initiator (Le. LiNaph) and 
the delocalized carbanion initiators (i.e. TPMLi and 
DPMLi) were able to polymerize VSO successfully as 
suggested earlier.1° The molecular weight of the polymers 
determined from GPC and intrinsic viscosity measurement 
are listed in Table I. The number-average molecular 
weight (an) of PVSO prepared is in the range 13 000- 
30 OOO. Higher MW polymers were not obtained due to 
the presence of impurities in the reaction medium as well 
as side reactions that may terminate the "living" anions. 
This is manifested by the an measured in general which 
is slightly higher than the theoretically predicted value. 
One possible impurity is benzenesulfenic acid (PhSOH). 
It is a decomposition product of VSO and may have 
retained in the distilled monomer. The polydispersity 
index for the anionic prepared polymers, in most cases, is 
below 1.3. The relatively broad MW is the result of side 
reactions such as base-promoted elimination of PVSO by 
the growing carbanion.1° Since the delocalized carbanion 
initiators produced polymers with the lowest polydisper- 
sity, all PVSO polymers used in the subsequent study 
were prepared from TPMLi. The PVSO polymers are 
labeled SOXX.X, in which XX.X is the an of the polymer 
in units of thousand. The density of the neat polymers 
was determined by the displacement method in n-heptane 
using a polymer thin film solvent cast on a glass slide. The 
relative density was found to be 1.382 g cm3 for PVSO 
and 1.244 g cm3 for PVSO2. 

Thermal Properties. The glass transition behavior 
for PVSO (S015.5) was not observed from room temper- 
ature to 200 OC using DSC scanningat 20 "C/min. Instead, 
a PVSO elimination exotherm with an onset temperature 
at  130 "C was detected. Although the glass transition 
temperature (T,) of PVSO is expected (from its chemical 
structure) to be lower than 130 "C, the Tg was not found. 
This. is due to elimination of PVSO, which has been 
reported to initiate even a t  room temperature and increase 
rapidly with temperature." The formation of a rigid 
unsaturated backbone structure shifted the Tg to a higher 
temperature, and the Tg was eventually masked by the 
elimination exotherm. In addition, a DSC scan of a S015.5 
sample already eliminated at  150 "C for 4 h also did not 
show the cis-trans isomerization transition for PA which 
was reported to occur at  145 "C.l As a result, all p-PA 
obtained using the same elimination condition can be 
considered to have a trans conformation. For a completely 
oxidized PVSO2, a Tg was found at  128 OC (midpoint). 
The absence of any exotherm also indicated the sulfone- 
based polymer is thermally stable and would not undergo 
any elimination transformation process up to 200 "C. 

Two distincted weight loss steps were observed for a 
PVSO (S015.5) using thermogravimetric analysis. The 
onset temperature for the first degradation step was found 
at  135 "C, and ita maximum weight loss occurred at about 
195 "C. This weight loss step is assigned to the elimination 

... _ _  
20 500 21200 25600 1.21 0.087 12 
27 400 29 100 37 800 1.30 0.124 9 
13 700 14 500 18 700 1.29 0.058 71 
13 700 13 800 18 900 1.37 0.057 52 
13 700 
13 700 

of PhSOH from PVSO. For 100% elimination, a total 
weight loss of 83% was calculated. Instead, a weight loss 
of only about 80% was obtained for the homopolymer. 
The difference suggested a portion of the phenyl sulfoxide 
groups either has not eliminated or other side reactions 
have occurred. The presence of an a-hydrogen adjacent 
to the sulfoxide moiety is required for the continuation of 
propagating the zipperlike cyclic sigmatropic elimination 
reaction.1° Kanga et al.'OJ1 have reported a maximum 
weight loss temperature at  200 "C, which is substantially 
higher than the peak temperature of the exotherm at 146 
"C using a DSC. The origin of the discrepancy laid with 
the different methods used. TGA measured the temper- 
ature at  which diffusion and evaporation of the elimination 
side product attained a maximum at ca. 200 "C, while the 
actual exothermic elimination reaction reached a maxi- 
mum at ca. 150 "C according to the DSC. 

The second degradation step for PVSO occurred at  
around 450 "C with a 5% total weight loss. This is the 
degradation temperature range of polyacetylene, as re- 
ported earlier." For a sample that has been eliminated 
at  150 OC for 4 h, only the degradation step associated 
with polyacetylene was detected. The degradation onset 
temperature for an already eliminated p-PA was found at  
410 OC with the maximum weight loss temperature at  450 
"C and a total weight loss of 45%. For a fully oxidized 
PVSO2, only a single degradation step was detected. The 
onset temperature was found a t  240 "C with the maximum 
weight loss temperature at  350 "C and a total weight loss 
of 38%. The single step degradation for PVSO2 also 
concluded that the polymer is thermally stable compared 
to PVSO and it degrades via a mechanism other than 
elimination of the pendant groups. For a partidy oxidized 
PVSO, i.e. a copolymer of VSO and VS02, all three weight 
loss steps were observed. The onset of the PVSO2 
degradation overlapped with the elimination step of PVSO. 
Therefore the degree of elimination &nd the percentage of 
sulfone group in the copolymer cannot be calculated 
accurately using this weight loss method. Instead, an IR 
spectroscopic technique together with a calibration curve 
was used for the calculation of the sulfone moiety in a 
partially oxidized PVSO copolymer. 

Electrical Properties of the Homopolymer. Both 
PVSO and PVS02 were insulative before elimination and 
doping. The volume conductivity of PVSO measured at  
the lowest test frequency (11.7 Hz) was found to be in the 
range of 6 X le9 S/cm. This relatively high conductivity 
for the undoped PVSO may have been caused by absorbed 
moisture as well as ionic effecta from a small quantity of 
elimination side product trapped in the polymer matrix. 
The conductivity of PVSO and PVSOz both increased in 
magnitude while their dissipation factor decreased with 
increase in measuring frequency. 

Even before elimination, PVSO absorbed a large quan- 
tity of iodine by the gas-phase doping method. The weight 
uptake was approximately 1.45 iodine atoms per PVSO 
repeating unit. The absorption of iodine in the unelim- 
inated PVSO is probably a result of specific interaction 
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between the unsaturated phenyl ring and iodine. The 
conductivity for the iodine doped PVSO was in the range 
of 7 X 10-5S/cm (11.7 Hz). After the sample wassubjected 
to a direct current for 20 min, the conductivity reduced 
to 4 X 1V S/cm, indicating removal of ionic conduction. 
The conductivity increased with the measuring frequency 
and reached a magnitude of 1P S/cm at 100 kHz. The 
dissipation factor, however, decreased continuously with 
the measuring frequency. The origin of this high con- 
ductivity is unknown, but similar electrical behavior has 
been observed for a disordered semic~nductor~~ and PA 
doped with specific dopants at a doping level below the 
percolation concentration.16J7 A variable range hopping 
mechanism of conduction has been proposed for these 
systems. The same trends in frequency dependence on 
conductivity and dielectric constant, however, have also 
been observed for carbon black filled conducting com- 
posites when the volume fraction of the conducting 
dispersions is small.12 Interfacial polarization of the two- 
phase system according to the Maxwell-Wagners-Sillars 
theory has been proposed to account for the phenomenon. 
Since it is not known whether the doped PVSO has 
segregated into regions rich in iodine-phenyl ring com- 
plexes, the exact mechanism responsible for the observed 
conductivity cannot be explained. Similar conducting 
behavior has also been reported for the ionomer'a below 
its Tg and was suggested to be a result of polarization of 
absorbed water molecules. 

The extent for elimination in PVSO was determined 
according to the sample weight loss after extensively 
washing with toluene. The ultimate purpose of the 
extraction was to remove all the remaining benzenesulfenic 
acid in the polymer matrix. The p-PA pellet after 
elimination was found to be black in color and has a rather 
porous structure. The volume percentage of voids was 
estimated by comparing the density of the eliminated pellet 
(by direct measurement of the sample volume and weight) 
with the density of polyacetylene and PVSO. The relative 
density for trans-PA obtained from Shirakawa's method 
using X-ray crystallography was reported to be 1.13.' The 
maximum amount of voids thus calculated for the elim- 
inated pellet was as high as 70%. The estimation may be 
in the high end since p-PA obtained from the precursor 
method would have a lower degree of crystallinity. Density 
as low as 1.05 has been reported for PA prepared from 
another precursor method.2 This value, however, was not 
employed here because the degree of elimination and other 
physical constants are unknown. The void volume fraction 
(4) was used to correct for the volume conductivity of the 
eliminated polymer by assuming the sample thickness to 
be a fraction (Le. 1 - 4) of the value measured using a 
micrometer. Before doping, the conductivity of an elim- 
inated sample was on the order of 104 S/cm (11.7 Hz), 
which is similar to the value reported for a trans- 
polyacetylene.112 

The optimum conditions for the elimination of PVSO 
(S015.5) were obtained by comparing results from five 
different elimination temperatures ranging from 110 to 
200 O C  (each for 4 h). The molar percentage of sulfoxide 
pendant group eliminated was found to increase with the 
elimination temperature as indicated in Table 11. The 
volume conductivity of the samples after doping with 
iodine, however, was found to reach a maximum for sample 
eliminated at  150 "C. At  higher elimination temperatures, 
other forms of defects such as cross-linking of the p-PA 
chains or homolytic breakage of the sulfur-carbon bond 
in the sulfoxide group may result.19 Irrespective of the 
elimination conditions being chosen, the percentage of 
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Table 11. Effect of Applying Different Elimination 
Temperatures for 4 h 

elimination 76 of doping conductivity at 
temp ("C) elimination level, y 11.7 Hz (S/cm) 

110 90.53 0.16 3.22 X 10-' 
130 93.17 0.17 1.53 
150 95.36 0.16 4.40 
170 96.21 0.15 5.62 X 10-I 

2.11 x lo-' 200 96.45 0.17 

elimination was always less than 100%. The optimum 
elimination temperature at  150 "C was selected for all 
subsequent studies and the resulting percentage of elim- 
ination was in the range of 90 f 5 % . The incompletely 
eliminated polymer can be considered to be a copolymer 
of acetylene and the defective groups although not 
necessarily randomly distributed. Under the relatively 
mild elimination conditions at  150 OC, all defective groups 
were assumed to be uneliminated phenyl sulfoxide pendant 
groups. 

In order to identify samples with different elimination 
efficiencies, the eliminated polymers are denoted by 
S0XX.X-EZZ, where ZZ represents the molar percentage 
of phenyl sulfoxide among all sulfoxide groups initially 
presence that has been eliminated. Also, the doping level 
for the eliminated product is written as (CHDy)x, where 
y represents the molar ratio of the dopant D to a CH unit. 
As the elimination process was always less than 100% and 
the uneliminated phenyl group has some affinity with the 
iodine dopant, the actual y value per CH unit should be 
lower than the value reported and depends on the number 
of phenyl groups remaining in the polymer chain. Com- 
pared to the conductivity of iodine doped PA prepared 
from other precursor methods, they are within the same 
order of magnitude. The dc conductivity for an iodine 
doped (y = 0.27) PA obtained from the Durham route is 
10 S/cmS2 The conductivity for a typical iodine doped (y 
= 0.4) trans-polyacetylene obtained from Shirakawa's 
method is higher, in the range of 160 S/cm, due to the 
orderly crystalline structure.' 

Apart from the chemical structure and morphology of 
the polymer, the conductivity of a conducting polymer 
also depends on the nature of the dopant used. The results 
of p-PA doped with different types of dopant are given in 
Table 111. The p-PA was found to have been successfully 
doped by either p- or n-type dopant. Samples doped with 
concentrated sulfuric acid and perchloric acid achieved 
the highest conductivity (11.7 Hz). These conductivities, 
however, decreased by 1 order of magnitude, from 10' to 
loo S/cm, after prolonged measurement and exposure to 
ambient conditions (18-20 "C, 5040% RH). The loss in 
conductivity can be a result of a decrease in ionic 
conductivity and/or loss of dopant in air. Sodium has the 
smallest overall increase in conductivity because the 
dopant is highly reactive toward moisture. Among all the 
dopants tested, iodine was found to have the most stable 
electrical properties. This is a result of its inertness toward 
air (both moisture and oxygen), and gas-phase doping 
provided the highest degree of homogeneity in dopant 
distribution. 

Since all doped p-PA showed a decreasing trend in 
conductivity after exposure to air (see Table III), the loss 
of dopant and therefore conductivity was studied by 
monitoring the time and temperature stability of an iodine 
doped p-PA sample. The conductivity of a saturation 
doped sample (S015.5-E92,y = 0.31) was monitored after 
exposure to air at  ambient conditions (18-20 "C, 1 atm 
and 5040% RH) for a long time. Both the doping level 
and conductivity (11.7 Hz) decreased rapidly within the 
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Table 111. Conductivity of Eliminated PVSO Using Various Doping Agents 
conductivity at 11.7 Hz (S/cm) 

PVSO samplen dopant % of elimination doping level, y time = 0 time = 5 min . time = 1 h 
5015.5 Iab 92 0.16 2.8 2.8 2.5 
S015.5 I2b 89.1 0.17 1.9 1.7 1.5 
S015.5 HzSOP 88.5 0.23 2.9 X 10' 1.1 x 10' 1.0 x 10' 
S015.5 HzSOiC 89.1 0.25 1.7 X 10' 9.0 7.0 
S015.5 Nad 91.1 0.09 7.1 X 103 2.1 x 103 3.5 x lo-' 
S015.5 HCIOiC 83.0 0.20 3.5 1.0 8.5 X 10-' 
5015.5 HClOi' 91.2 0.22 2.1 x 10' 1.2 x 10' 7.0 

a All samples were eliminated at 150 "C for 4 h. * Gas-phase doping. Liquid-phase doping. Doped with 1 M sodium naphthalide in THF 
solution. 

0 50 100 150 200 250 300 
Temperature ( 'C ) 

Figure 3. Iodine weight low4 for a saturation doped p-PA (5015.5- 
E91, y = 0.26) as a function of temperature measured by TGA 
at 5 OC/min purged with nitrogen. Two linear regions are 
extrapolated and shown as the dashed lines. 

first hour. They stabilized only after a few hours. The 
conductivity was eventually droped by 1 order of mag- 
nitude, and the dopant y value decreased from 0.31 to 
above 0.1 after 25 h. The dependence of doping level on 
temperature was measured using a TGA continuously 
purged with nitrogen. The sample (S015.5-E91,y = 0.26) 
hasavolume conductivity of 2.3 S/cm (11.7 Hz) before the 
heat treatment. After heating to 260 "C at  a rate of 1 
"C/min, the doping level reduced to y = 0.002 and the 
conductivity measured was 2.3 X S/cm. The change 
in doping level (y) with temperature is shown in Figure 
3. A discontinuity in the slope was detected at  125 OC. 
The dopant rate loss was 1.9 .mmol/OC from room 
temperature to 125 "C and 0.41 mmol/"C from 125 to 260 
"C. The change in iodine rate loss is probably due to the 
existence of two types of counterions 15- and 13-. Studies 
performed by lZsI Miissbauer s p e c t r o s c ~ p y ~ ~ ~  have shown 
that 15- ions are predominant at  high doping levels (at low 
temperature) while the concentration of 13- ions increases 
as the doping level decreased (at high temperature). The 
relative stability of the counterions is in the order 15- > 
Is- > I-. 

Since the PVSO elimination was always less than 
complete, the effects due to the presence of a small number 
of uneliminated pendant groups on its electrical properties 
can be studied. At this low defect concentration, the 
quantity of the uneliminated side group can be readily 
controlled by adjusting the elimination conditions alone. 
Lowering the elimination temperature as well as shortening 
the time for elimination yielded five I>-PA samples (S015.5- 
EZZ) with extent of elimination from 90 to 95 7%. Since 
the elimination process has been described as a concerted 
process, the uneliminated groups were not necessarily 
distributed randomly. But from the continuous color 
change upon heating and a lower conductivity for sample 

eliminated under milder conditions, some distributions 
on the remaining phenyl sulfoxide groups were expected. 
Distribution of the uneliminated groups is suggested to 
depend on kinks in the polymer chain conformation and 
therefore the availability of a-hydrogen, adjacent to the 
sulfoxide moiety, which is necessary for the completion of 
the cyclic sigmatropic elimination process. 

The doping level, conductivity, and four other calculated 
variables based on the chemistry of the eliminated polymer 
chain are given in Table IV. The number percentage of 
defects is the sum of all structures that will hamper an 
intrachain charge transport process, such as the unelim- 
inated sulfoxide groups and the polymer chain ends. The 
volume and weight fractions of acetylene units (corrected 
for void fraction) are the molar ratios of acetylene repeating 
units in the eliminated polymer chains derived from the 
density of the homopolymers. The mean conjugation 
length (MCL) is calculated by assuming the uneliminated 
defects were distributed randomly on the polymer back- 
bone. It is equal to ( X n  - S)/(S + 11, where X n  is the 
number-average number of repeating units and S is the 
number of uneliminated sulfoxide groups. Details on the 
calculation can be found in ref 20. 

In Figure 4 a 4 ,  the number percentage of nonconductive 
defects, the volume and weight fraction of acetylene units, 
and the MCL for the incompletely eliminated p-PA b e  
plotted against their volume conductivities (11.7 Hz), 
respectively. Following Shiifer-Siebert et a linear 
relationship was used to fit the data in a semilog plot of 
conductivity versus percentage of defects (see Figure 4a). 
The empirical equation obtained was 

a(d) = u ( O ) ~ ~ * " ~  
where d is the total number percentage of defects and u(d) 
and a(0) are the conductivity at  d and 0% of defects. The 
conductivity extrapolated to zero percentage of defects is 
110 S/cm and the exponential constant -0.52 is slightly 
higher than the value -0.55 obtained by Shiifer-Siebert et 
al. The difference can be the result of a number of factors. 
(i) The elmination process was not completely random 
since it has been describedto have a "zipper" mechanism;" 
(ii) The doping level varied slightly from sample to sample; 
(iii) The effectiveness of the defects in interrupting the 
delocalized a-electron may be different. Also, chain ends 
were not included as defects in the previous calculation.21 

Similar exponential relationships have been obtained 
for the other variables (see Figure 4b-d). The conductivity 
extrapolated to 100% by volume (u) and weight (w) ratio 
of acetylene was 105 and 135 S/cm, respectively, using the 
empirical equations 

a(u) = u(100)e0.17("-1C@) 
and 

u(w) = u(100)e0~17(U"100) 
At  zero volume and weight percent of conducting segment, 



4432 Leung and Tan Macromolecules, Vol. 26, No. 17, 1993 

5E+1 

2E+1 

1E+1 

5E+O 

2E+O 

1E+O 

5E-1 

2E-I 

I 0.1 ' 
0 2 4 6 8 10 

Percenmge of Defects (%) 

L - 

- 
: 
: 
- 

: 

-, . ' 

a 

100 

I , I I 0.1 ' 
60 70 80 90 

W e i a  Fraction of Acetylene ( % ) 

I I 

, . ,  I , ,  , , 
65 70 75 80 85 90 95 100 

Wume Fraction of Acetylene ( % ) 

b 

1E+2 1 I 

1 ' ' .  

1E-1 [ I I I 
5 10 I5 u) 25 

Mean Conjugah Length 
C d 

Figure 4. Volume conductivity for a series of iodine doped and incompletely eliminated PVSO homopolymers measured at 11.7 Hz. 
The plot is against (a) the number percentage of defects, (b) the volume percentage and (c )  weight percentage of acetylene units, and 
(d) the mean conjugation length. A linear least squares method was used to obtain the dashed lines in the semilog plot. 

Table IV. Conductivity of Incompletely Eliminated PVSO a8 a Function of Different Calculated Variables 
doping no. % vol. fraction w t  fraction mean conductivity 

sample elimination condition level, y of defects of acetylene (%)  of acetylene (%) conjugation length at 11.7 Hz (S/cm) 
SO15.5-E95 temp = 150 "C, 4 h 0.17 6.48 81.16 77.82 16.95 4.40 

S015.5-E93 temp = 130 O C ,  2 h 0.17 8.79 73.59 69.42 11.65 1.10 

S015.5-E94 temp = 150 OC, 2 h 0.16 7.10 79.00 75.4 15.13 2.60 
S015.5-E93.1 temp = 130 O C ,  4 h 0.17 8.62 74.10 69.98 11.93 1.50 

S015.5-E90 temp = 110 O C ,  2 h 0.16 11.41 66.21 61.48 8.48 3.20 X 10-1 

i.e. a(O), the conductivities extrapolated for the unelim- 
inated polymer were 4.3 X 1O-e and 5.6 X 1V S/cm, 
respectively. These values compared favorably to the 
experimentally measured data for a doped but unelimi- 
nated PVSO. 

A MCL of 25 repeating units was determined for 
polyacetylene prepared from Shirakawa's method using 
electron nuclear double resonance (ENDOR).22 The 
conductivity extrapolated to a MCL of 25 units in Figure 
4d was found to be 50 S/cm, which is lower than the 
literature value of 160 S/cm for a crystalline PA. Chien 
et aLZ4 has suggested the dc conductivity for an iodine 
doped PA having 15-20 conjugated unit is 1 S/cm and is 
within the range predicted in Figure 4d. At the lower end 
of the MCL spectrum, the conductivity approached 
S/cm for a MCL of about 1 which coincided with the value 
reported for a doped p~lyisoprene.~ The linearity of this 
parameter, however, was questionable since a relatively 
high conductivity will remain if linear extrapolation was 
extended to 0 MCL. For the four calculated variables, 
the conductivity extrapolated to the value of an ideal pPA 

approaches the results of polyacetylene prepared from 
Shirakawa's method rather than from other precursor 
methods. In order to further examine the validity of these 
exponential relationships, the number fraction of defects 
was extended to a higher concentration range by partially 
oxidizing the PVSO precursor polymer to a copolymer of 
VSO and VSOz. 

Electrical Properties of Partially Oxidized PVSO. 
As mentioned earlier in the thermal analysis section, the 
sulfone pendant group is thermally stable (up to 200 "C). 
By properly controlling the degree of oxidation for a PVSO, 
the total number of defects in the resulting pPA can be 
extended to a higher percentage range. In this study, 
PVSO (5016.2) was selectively oxidized to producea series 
of VSO and VSOZ copolymers with sulfonecontent ranging 
from 1.2 to 23 mol % . After elimination, the color of the 
samples ranges from reddish-brown to black depending 
on the extent of oxidation. In a partially oxidized 
copolymer, the overall degree of elimination for the 
remaining sulfoxide pendant groups is also lower than that 
for a PVSO homopolymer. This is due to the fact that the 
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Table V. Conductivity of Oxidieed PVSO Copolymer as a Function of Different Calculated Variables 
doping no. % of vol. fraction wt fraction mean conductivity at 

sample level, y defects' of acetylene (% 1 of acetylene (% 1 conjugation length 11.7 Hz Wcm) 
S015.2-01.2-E89 0.61 13.94 59.56 54.84 
SO15.2-01.2-E88 0.56 14.69 67.90 63.12 
S015.2-04.5-E88 0.54 18.06 60.14 45.82 
S015.2-04.5-E87 0.61 18.41 49.50 46.18 
5016.5-06.6-EM 0.61 18.97 47.88 41.20 
5015.5-06.5-E87 0.59 20.35 45.67 38.62 
S015.2-07.0-E87 0.62 20.60 46.18 35.61 
S015.2-07.0-E85 0.63 22.32 42.62 33.26 
S015.5-013-E91 0.65 22.78 40.47 43.86 
S015.2-09.6-E85 0.71 24.34 39.28 41.61 
S015.5-020-E96 0.66 24.49 36.92 37.25 
5015.5-013-E88 0.69 24.84 37.85 34.58 
S015.2-011-E85 0.63 26.13 36.73 34.37 
S015.5-020-E92 0.65 27.78 33.29 30.64 
S015.5-023-E87 0.74 34.60 26.61 24.16 

Defects included chain ends, uneliminated phenyl vinyl sulfoxide, and phenyl vinyl sulfone. 
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Figure 5. Volume conductivity of doped p-PA copolymers plotted against the total number percentage of defecta. Line 1 is extrapolated 
from data for the incompletely eliminated PVSO homopolymers, and line 2 is extrapolated from the linear region of the partially 
oxidized copolymers. 

elimination that occurred has a zipper mechanism. The 
presence of a thermally stable sulfone moiety will nev- 
ertheless hinder the smooth elimination process, resulting 
in a higher degree of incomplete elimination. In Table V, 
the degree of oxidation as well as the conductivity and 
other variables for the iodine doped copolymers are 
reported. 

The doping level for the copolymer in general is found 
to be higher than that of the homopolymer. This is 
partially due to the fact that a higher doping temperatures 
was adopted. In addition, the strong specific interaction 
between the uneliminated pendants groups (phenyl sulfone 
as well as phenyl sulfoxide) also absorbed a large quantity 
of the dopant. A higher dopant concentration should not 
affect the comparison of conductivity data with those for 
the p-PA obtained earlier having a lower doping level. 
Electrical properties measured for PA doped with halogen 
were found to reach a steady-state value when y was above 
0.2.' For a partially oxidized PVSO, the notation used to 
represent the copolymer is S0XX.X-0 YY-EZZ where YY 
is the molar percentage of sulfoxide oxidized to sulfone 
and again 22 is the molar percentage of sulfoxide 
eliminated among all sulfoxide groups in the copolymer. 

In Figure 5, conductivity measured at 11.7 Hz for the 
full range of defect percentages is shown. A sigmoidal 
dependence on conductivity was not obvious. Instead, 
two linear regions were found for the oxidized and 
unoxidized products, each with different parameters for 
the exponential relationship. When the linear portion of 
the data for the oxidized copolymers (line 2 in Figure 5) 
is fit with an exponential relationship, the equation 
becomes 

u(d) = u(O)e4aW 
The exponent -0.64 is much lower than the -0.62 value 
reported earlier (line 1). The higher gradient obtained 
for the oxidized copolymers indicated that the sulfone 
groups have a higher efficiency in interrupting the 
delocalized *-electron. The high efficiency can also be 
due to a less random distribution of defects and pairing 
of the uneliminated defects (sulfone and sulfoxide) which 
has occurred. The conductivity extrapolated to zero 
percentage defects is 125 S/cm, similar to results obtained 
earlier. Instead of two lines with different slopes, one can 
also consider a sigmoidal change in which the first 
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Figure 6. Volume conductivity of doped p-PA copolymers plotted against the volume percentage of acetylene units. Line A is 
extrapolated from the upper linear region (same in Figure 4b). 

discontinuity in the slope occurred at 10-12% defects. 
This discontinuity suggested a decrease in the efficiency 
for intrachain charge transport for reasons stated above. 
The second discontinuity occurred at 25% total defects. 
The conductivity leveled off at this high defect concen- 
tration and approached an asymptoticalvalue at lW S/cm. 
This coincided with the conductivity for a fully doped (r 
= 2.9) but 100% uneliminated PVSO. The relatively 
constant conductivity at this high defect percentage range 
suggested the pathway for conduction is through the doped 
but uneliminated PVSO matrix rather than charge trans- 
port amongst isolated conducting segments or regions. At  
this defect concentration range, the frequency dependent 
conductivity is similar to a doped but uneliminated PVSO 
and will be discussed later. 

In a separate diagram (Figure 6) on the volume 
conductivity (11.7 Hz) of the copolymers at different 
volume percentages of acetylene units, three different 
linear regions over the full composition range were found. 
They are for data above 70 % , between 35 and 70 % , and 
below 35% volume of acetylene. The exponential rela- 
tionship applied for data above 70% conducting volume 
as showed in Figure 4b is reproduced here as line A. 
Assuming the conducting components were interconnect- 
ed, line A indicated a continuous increase in conductivity 
with the volume fraction of conducting element due to an 
increase in the overall MCL. Deviation of the experimental 
data below 70% of acetylene from line A, however, 
indicated the conducting elements were indeed well 
dispersed and rather isolated. The transition from an 
interconnected to a discontinued stage is a result of the 
volume-filling effects of the ever increasing nonconducting 
elements. The resulting sigmoidal change observed is 
similar to a conducting filled percolation process, except 
the conductivity of the conducting filler varied also with 
the composition. The upper and lower conductivity limits 
were distinguished by a doped 100% eliminated PVSO, 
which is on the order of 102 S/cm, and a doped but 
uneliminated PVSO, which is on the order of 10-8 S/cm. 

A sigmoidal dependence on conductivity was also 
observed for &-PA and trans-PA as a function of iodine 
dopant c~ncentration.~ Since the transition occurred at 

very low doping levels (y = 10-1 to 106 of Is-), the same 
phenomenon observed here cannot be caused by the 
variation of dopant concentration in the different samples. 
This doping level related percolation phenomenon has 
been explained by a charge carrier "glass" transition model 
in which the mobility of the carrier is related to the 
Coulombic interaction and concentration of the counter- 
ions.23 As the doping level of the various p-PA copolymers 
studied in this report was at saturation, the system is 
considered to be above the carrier glass transition tem- 
perature with unlimited mobility for the charge carrier. 
The sigmoidal transition observed is therefore related to 
the dispersity of the conducting elements rather than to 
the dopant concentration. 

A fluctuation-induced tunneling mechanism model,1bu 
which is normally applied for conducting composites, can 
also be invoked here. The model suggested that thermally 
activated voltage fluctuations between junctions of con- 
ducting regions resulted in tunneling of the charge carrier. 
Instead of a sharp transition usually observed for perco- 
lation phenomenon for conducting composites, a broad 
transition range is observed for this copolymer system. In 
a previous study on carbon black filled PVC compounds,12 
a broad percolation transition was obtained when the 
aspect ratio of the filler is high (or low packing efficiency) 
as well as when the conductivity of the filler is low. The 
broadening of the transition region for a less conducting 
filler is due to polarization coupling between the conducting 
particles and the insulating matrix.12 In addition, the 
broad transition observed in Figure 6 can be the result of 
distribution in conjugation length for a given MCL. At  
each conjugation length, the conducting segment can also 
be considered to have a different particle size or shape. 
The existence of a percolation threshold is also manifested 
by a maximum in the dielectric loss or dissipation factor 
measurement. In Figure 7, a broad dissipation factor 11 
kHz) curve with a maximum at about 37-38% volume of 
acetylene is established. This corresponds well to the 35 9% 
volume of acetylene at  the conducting transition threshold. 
The relatively large dissipation factor and hence large 
dielectric constant have also been observed for PA doped 
with specific dopants." 
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Figure 7. Dissipation factor (at 1 kHz) of doped p-PA copolymers at different volume percentages of acetylene units. The dashed 
line is an indication of the overall trends only. 

On the basis of conducting mechanism proposed for 
other percolative systems, the charge transport mechanism 
for the pPA conducting copolymer will be explained in 
terms of the volume fraction of the acetylene units. At  
low acetylene volume fraction, the volume conductivity 
(11.7 Hz) remained constant up to the percolation thresh- 
old at 35%. The conducting domains at this composition 
range consisted of mostly short conjugated units well 
dispersed in the semiconducting phenyl ring-iodine matrix. 
The invariable conductivity suggested the conducting 
acetylene units did not affect the bulk electrical properties. 
The conductivity measured is rather a result of charge 
hopping between the phenyl ring-iodine complexes or 
polarization of the discrete conducting elements. As the 
number and size of the conductive element increased, 
hopping and tunneling between nearby conducting p-PA 
regions became possible. A broad distribution in tunneling 
band gap as well as in the inherent conductivity of the 
conducting segments with different conjugation lengths 
contributed to the broadness of the transition region. The 
number of conducting pathway further increased at  higher 
acetylene volume percentage. Finally, the averaged tun- 
neling gap reduced to its critical value at  65% acetylene 
volume and the conducting polymer achieved its maximum 
metal-like conductivity. Unlike a conducting fiied com- 
posite material in which the intrinsic conductivity of the 
fillers determined the upper conductivity limit, the 
conductivity continuously increased beyond the perco- 
lation composition. This is due to copolymers with higher 
MCL, and therefore higher conductivity, which are ob- 
tained at further decreases of defect contents. 

The percolation threshold at 3538% is slightly higher 
than the l / g  maximum volume fraction predicted by 
Bruggeman's effective-medium theory when a spherical 
conductive dispersion is used. The discrepancy can be 
caused by a number of factors such as not accounting for 
free volume in the calculation of acetylene volume fraction. 
The close to l/g threshold volume fraction measured here, 
however, did not necessarily imply the acetylene units 
have spherical conformations or geometries. Deviation 
from the theoretical threshold value can also result when 
the conducting media are inhomogeneously dispersed or 
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Figure 8. Volume conductivity of doped p-PA copolymers 
plotted against the mean conjugation length. 
phase segregated in the matrix. Phase segregation or filler 
particles with higher aspect ratios normally depress the 
threshold to a lower volume fraction. Instead, a high 
threshold value is obtained for the elongated conjugated 
conducting segments. This can be explained by assuming 
the morphology of the copolymer system to have a structure 
in which the rigid rodlike acetylene units were shielded by 
the flexible random coil-like uneliminated segments. A 
similar sigmoidal dependence was obtained when the 
conductivity data are plotted against the acetylene weight 
percentage, and the threshold was found at  33-35%. The 
dependence of the bulk electrical conductivity (11.7 Hz) 
on MCL is also given in Figure 8. As before, conductivity 
of the p-PA did not increase continuously with the MCL 
due to inclusion of nonconducting segments in the system. 
The conductivity leveled-off at  high MCL and reached an 
asymptotic value at (1-2) X 10' S/cm. A percolation 
threshold at a MCL of ca. 3 was established. 

Frequency dependence on the properties of the con- 
ducting copolymers was studied by extending the mea- 
suring frequency from 11.7 Hz to 100 kHz. The conduc- 
tivity dependence on the test frequency for a few selected 
copolymers is given in Figure 9. For copolymers with less 
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Figure 9. Volume conductivity of the doped p-PA copolymers 
a t  different frequency ranges. 

than a65% volume of acetylene, the conductivity increased 
slightly at  a high frequency range which is characteristic 
of the hopping mechanism of conduction.16J7 At higher 
acetylene volume fractions the conductivity became in- 
dependent of the test frequency (for the frequency range 
studied). This is an indication of fully establishment of 
"metallic" contact between conducting domains. The 
dissipation factor reduced to approximately zero at  around 
the same composition range. This is due to the conduction 
process primarily through tunneling or hopping through 
pathways with the least resistance and therefore with little 
or no energy loss mechanism. 

Conclusion 
A chemical method was used to control the number of 

nonconducting defects in a conducting polymer with 
known MW and narrow MW distribution. Effects due to 
disruption of intrachain charge transport by the defects 
on the bulk conductivity were investigated. The param- 
eters used to quantify the chemical structural changes 
were the number percentage of defects, the weight and 
volume percentage of the conducting acetylene units, and 
the mean conjugation length. An exponential relationship 
was able to describe changes in conductivity only at  highly 
conducting compositions. Deviation from the relationship, 
however, occurred when the volume-filling effects of the 
nonconducting segments became important. The exist- 
ence of a percolation transition is evidenced from the 
sigmoidal dependence of conductivity on the volume and 
weight fractions of the conductive segment as well as a 
maximum in the dissipation factor measurement. Hop- 
ping and tunneling of the charge carrier is suggested to be 

the major conduction mechanism as the doping level was 
above the carrier "glass" transition temperature. Below 
the threshold composition, the conductivity remained 
almost constant, indicating no increase in carrier mobility 
for the highly dispersed conducting elements. Above the 
percolation threshold, tunneling and hopping between 
conducting segments led to an increase in the overall 
conductivity. The broadness of the transition range is 
suggested to be a result of a broad distribution in 
conjugation length for each copolymer sample. The 
averaged tunneling gap decreased continuously and reached 
a critical value at high acetylene volume fraction. The 
conductivity of the polymer then approached a final 
steady-state value, for a particular MCL, and was inde- 
pendent of the measuring frequency. The conducting 
copolymer system can be compared to a conducting 
composite in which the conducting filler has a range of 
conductivities and particle sizes. Further studies on the 
effects of inhibition of interchain and interdomain charge 
transport using PVSO polymer blends and block copol- 
ymers will be discussed in a forthcoming study. 
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