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ABSTRACT The conductivity relaxation behavior of neutral poly(3-dkylthiophene)s (P3ATs) with the 
alkyl side chain having carbon numbers 4, 6, 8, and 12 is investigated on the basis of dielectric relaxation 
measurements at -100 to 180 O C  and 0.4-105 Hz after conversion to complex electric modulus formalism. It 
is found that the conductivity relaxation time distribution can be represented by the nonexponential decay 
function, q(t) = exp(-t/r,)@, involving a relaxation time distribution parameter f i  and a characteristic relaxation 
time rp as in the case of vitreous ionic inorganic conducting materials. The variation of relaxation time 
distribution withtemperature is found to highly relate to the chain motions, with the aid of dynamic mechanical 
analysis and UV-vis spectroscopy. The side-chain motion gives no appreciable effect on the charge transport, 
while in the glass transition and rubbery region the relaxation time distribution becomes broadened with 
temperature. As the coplanar subchains in the ordered region melt, the conjugation length decreases and 
its distribution (and therefore relaxation time distribution) becomes narrower. As an electric field is applied, 
charges delocalized along coplanar subchains (each with one or two soft conformon terminals) hop over 
localized conformons to the neighboring sites. A contribution to the conductivity due to charge hopping 
across the side chains is insignificant, since its activation energy does not increase with the side-chain length. 

Introduction 

Indroducing a flexible side chain such as an alkyl group 
with a carbon number of 4 or more on the 3-position of the 
thiophene unit allows the intractable polymer to become 
soluble in common organic solvents, fusible, and melt 
processable, yet retain a rather high conductivity of about 
30-100 S/cm after d0ping.l Two properties are of par- 
ticular interest for the poly(3-alkyl thiophene)^ (P3ATs), 
viz., thermochromism and conductivity. The former 
resulted from a rod-to-coil transition of the main chains 
by raising the temperature to a level higher than their 
melt transition temperatures.2 The thermochromism 
phenomenon of the P3ATs was also considered in a 
molecular level as a generation of twists (a disruption of 
~oplanarity).~ These conformational defects, which are 
termed "conformons", partition a polymer chain into 
subchains having a distribution of smaller conjugation 
length as evidenced by the blue shift of optical absorption 
maximum with increasing tempera t~re .~  For the charge 
transport mechanism, a variable range hopping model5 is 
usually used for doped P3ATs at very low temperature 
(Le., below -70 "C for poly(3-octylthiophene) with the 
doping level 0.2).6 However, studies on effects of chain 
motions on charge transport behaviors are still lacking. 

The relaxation of an electric field in a charge carrier 
system results from the charge hopping of mobile carriers 
over potential barriers, which can lead to short-range (or 
local) ac conductivity and long-range dc conductivity. 
Macedo et al .7  have proposed the electric modulus 
formalism M*, which is the inverse complex permittivity 
(M* 5 1/~*) ,  to analyze conductivity relaxation due to the 
hopping motion of ions in vitreous ionic conductors such 
as Ca(NO&/KN03 (40/60 by mole). The conductivity 
relaxation in conjugated polymers arising from carrier 
hopping is different from the dielectric relaxation arising 
from a permanent dipole reorientation in conventional 
polymers. The electric modulus can be added in series 
like impedance formalism to describe the distribution of 
conductivity relaxation times and can depress the electrode 
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polarization effect which often occurs in dielectric constant 
f~rmalism.~ Bakr et al.8 and Emin and Ngaig have applied 
the electric modulus method to the conjugate polymers 
poly(aryleneviny1ene)s and trans-polyacetylene, respec- 
tively; for the former the electric field decay function was 
described by the nonexponential decay function exp- 
[-(t/rp)@l, where 6 is a parameter characterizing the 
relaxation time distribution and is 0.5 for this system and 
r p  is the characteristic conductivity relaxation time. 

This work reports on the conductivity relaxation of the 
neutral P3ATs and effects of thermal motions of the main 
chains and alkyl side chains at various temperature levels 
on the charge transport behavior by use of dynamic 
dielectric measurement, thermal analysis, and spectro- 
scopic analysis (UV-vis). The P3ATs investigated include 
poly(3-butylthiophene) (P3BT), poly(3-hexylthiophene) 
(P3HT), poly(3-octylthiophene) (P30T), and poly(& 
dodecylthiophene) (PBDDT). 

Experimental Section 

Neutral P3ATs were prepared following the chemical method 
used by Sugimoto et al.lo A 0.1 M 3-alkylthiophene monomer 
was oxidation-polymerized in a 0.4 M FeC4 solution in chloroform 
at room temperature under nitrogen atmosphere. The resulting 
mixture was then poured into methanol for precipitating out the 
polymer. This polymer was then washed several times with 
methanol and then extracted with methanol in a Soxhlet extractor 
to remove the residual oxidant and oligomers. The purified 
polymer was then dissolved in chloroform. The resulting solution 
was filtered to remove insoluble gels. Then the clear solution 
was cast in a Teflon mold to give a film with a thickness of about 
0.125 mm. This thin film, after dynamic vacuum pumping until 
a constant weight was retained, was ready for physical charac- 
terizations. The P3HT so prepared has about 80% head-to-tail 
dyad and 20% head-to-head dyad as determined from 'H NMR 
peaksl1J2 at 6 2.80 and 2.55 at room temperature in chloroform-d 
using a Bruker AM 400 MHz NMR spectrometer. The head- 
to-tail dyad content of the other P3ATs is expected to be 80% 
also, since it is insensitive to alkyl side chain length (CS-CIZ) of 
P3ATs if prepared by the same method." 

Ultraviolet-visible spectra (UV-vis) at -100 to 250 "C were 
recorded using an UV-vis spectrophotometer (Shimadzu Model 
UV-160). The spectrophotometer was equipped with a variable- 
temperature cell to allow measuring of spectra under vacuum 
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Figure 1. (a) Dielectric constant e'; (b) dielectric loss e" vs loglo 
f for neutral poly(3-hexylthiophene) at -100 (m), -50 (e), 0 (A), 
50 (XI,  100 (+), and 150 "C ( A  ). 

from -100 to 250 O C ;  the soaking time was 10 min at each specific 
temperature, and the heating rate used was about 1-2 OC/min 
during heating. The testing sample was prepared by coating 
P3AT solution in chloroform on a piece of quartz and allowing 
to dry to give a coated film with a thickness in the order of 1 pm. 

A dynamic mechanical analyzer (Du Pont Model DMA983) 
was used to measure dynamic modulus (E' and E") and loss 
tangent (tan 6) of the polymer films in the temperature range 
-150 to 200 "C at the heating rate of 2 OC/min and frequency of 
1 Hz. The sample size was about 10 mm long, 2 mm wide, and 
0.1 mm thick. After the sample was mounted in the sample 
chamber, the sample length subject to cyclic flexual motion was 
about 1 mm. 

A dielectric analyzer (Du Pont Model DEA 2970, frequency 
range 0.03-105 Hz) was used to measure the dielectric constant 
e' and dielectric loss e" of the polymer fiis in the frequency 
range from 0.4 to lo5 Hz and the temperature range -100 to 180 
"C under nitrogen gas purging. The sample size was about 25 
mm X 25 mm X 0.125 mm. To ensure that the sample was bubble 
free and compressed tightly, the sample was mounted in between 
the parallel-plate electrodes and compressed with the force 300 
N at 10 "C below ita melting temperature for 10 min under dry 
nitrogen gas. Then the sample was slowly cooled to room 
temperature and was then ready for the dielectric measurement. 
In a comparative measurement for investigating the effect of 
electrode polarization, both surfaces of the sample were covered 
by polyimide thin films (Kapton, 0.02 mm thick) so that a dc 
current could not pass through from one electrode to the other. 

Results and Discussion 
1. Electric Modulus Analysis. Dynamic dielectric 

measurements for neutral P3BT, P3HT, P30T, and 
P3DDT were performed. The real and imaginary parts 
of complex permittivity e*, the dielectric constant E' and 
dielectric loss e'', vs frequency for typical P3ATs, P3HT, 
at  six representative temperatures in the range -100 to 
150 "C are shown in Figure 1. Both t' and e" increase with 
decreasing frequency at  all temperature levels. The e'' 
exhibite no loss peaks even at  higher temperature and 
increases about linearly with decreasing frequency due to 
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Figure 2. (a) Real part M'; (b) imaginary part MI' of the complex 
electric modulus M* vs loglo ffor neutral poly(3-hexylthiophene) 
at -100 (m), -50 (e), 0 (A), 50 (X), 100 (+), and 150 "c (A) .  

the increased contribution of dc conductivity, while e' 
increases sharply with decreasing frequency below lo3 Hz. 
The strong low-frequency dispersion for t' and t" 
is characteristic of charged carrier systems.13 The localized 
charge carriers under the applied alternating electric field 
can hop to neighboring localized sites like the reciprocating 
motion of a jumping dipole or jump to neighboring sites 
which form a continuous connected network, allowing the 
charges to travel through the entire physical dimensions 
of the sampIe and causing the electric conduction. Both 
processes suffer a time-delay response in the applied 
alternating electric field. During the motion of charge 
carriers, the applied electric field E will be subject to a 
decay. Such relaxation of E is termed electric field 
relaxation.'3 

To analyze the conductivity relaxation of the neutral 
P3ATs, the complex permittivity is converted to the 
complex electric modulus M*(w), according to the relation 
defined by Macedo et aL7 The real and imaginary parts 
M' and M" of the electric modulus can be calculated from 
t' and e'' via 

M' and M" of neutral P3HT converted from e' and P by 
eq 1 are shown in Figure 2. M' approaches zero a t  low 
frequencies, indicating that the electrode polarization gives 
a negligible contribution to M' and can be ignored when 
the permittivity data are expressed in this form.' In 
addition, each M" curve shows a relaxation peak a t  the 
characteristic relaxation frequency fma; frmu increases with 
increasing temperature, indicating that the conduction is 
a thermally activated process. The dispersions of M' and 
M" indicate the presence of relaxation time distribution 
of conduction. The electric modulus M is a more con- 
venient term in characterizing a decay of an applied electric 
field E due to charge motion in a conductor than t, since 
M (al/t EID) is proportional to E,  where D is the 
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dielectric di~p1acement.l~ As a constant voltage is applied 
on the sample, the electric field in the sample decays as 
a function of time as E(t)  = E(O)cp(t), where E(0) is the 
initial electric field and cp(t) the decay function. 

The complex permittivity can be represented as 

t* e’(w) - ie”(w) = t’(w) - i(u(u)/weo) (2) 
where eo is the permittivity of free space (8.854 X 10-14 
F/cm). If dc conductivity is appreciable 

€”(a) = t”dc + €’lac = ud,/weo + ua,(w)/weo (3) 
where (rdc and aSc (a) are low-frequency limit conductivity 
and ac conductivity, respectively. For a conductor with 
a single conductivity relaxation time7 

t* = e ,  - i(udc/we0) 

and 
(4) 

where TO is the conductivity relaxation time defiied as TO 

= eOtm/udc, Ma is the high-frequency limit of inverse e‘ 
defined as M a  = l/t, ,  and e- is the high-frequency limit 
of dielectric constant. For a conductor with a distribution 
of conductivity relaxation times, the complex electric 
modulus M*(w) can be expressed by an extension of eq 5 
as14 

with 

N*(w) = ” ( w )  - ”’(0) (7) 
where g(7) corresponds to a normalized distribution 
function of conductivity relaxation times resulting from 
a distribution of energy barrier heights for the carrier 
transport, with J t g ( 7 ) d ~  = 1. The decay function 9(t) in 
time domain with the general form 

c p ~  = Jomg(T) exp(-t/T)dT (8) 

can be used to describe the conductivity relaxation in the 
frequency domain by the Fourier transform7 

where L denotes the Laplace transform. For describing 
a condensed matter with non-Debye relaxation, the 
Kohlrausch-Williams-Watts (KWW) nonexponential de- 
cay function’5 

cp(t) = e x p [ - ( t / ~ ~ ) @ ~ ,  o < B I 1 (10) 
can be used satisfactorily, where T~ is the characteristic 
conductivity relaxation time and B is a parameter char- 
acterizing the relaxation time distribution, When P = 1, 
the decay is exponential with a single conductivity 
relaxation time. When j3 decreases, the width of the 
relaxation time distribution increases. The analysis 
techniques developed by Moynihan et al.14 are used to 
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Figure 3. (a) Dielectric constant e’; (b) dielectric loss t” v8 loglo 
f for neutral poly(3-hexylthiophene) blocked by thin polyimide 
films at -100 (m), -50 (e), 0 (A), 50 (X), 100 (+I, and 150 O C  

(A) .  

elucidate the conductivity relaxation with the use of the 
following summation expression to approximate the decay 
function in integal form’ as eq 8 

with n = 18 and then following with a direct evaluation 
of the Laplace transform of the approximated ~ ( t )  (eq 11) 
to fit the experimental data of M*. In the fitting, the 
relaxation parameters M,, rP, and j3 were considered as 
fitting parameters. The deviation between the fitting 
curves (solid lines in Figure 2) and data is small. The 
dispersion or shape of the M” curves depends on the value 
of P; greater deviation of j3 from 1 indicates a larger 
dispersion. The position of the peak, on the other hand, 
depends on T ~ ;  large T~ gives a low characteristic relaxation 
frequency fmax (fmax = 1/27mp). 

To confirm that the electric modulus formalism does 
eliminate the effect of electrode polarization, both surfaces 
of the sample were covered by polyimide thin films. The 
measured permittivity is shown in Figure 3. The dielectric 
constant e’ exhibits a low-frequency plateau corresponding 
to the bulk static dielectric constant EO, while the dielectric 
loss shows a loss peak characterized by a relaxation 
frequency fLa which is the same as that of the M“ curve 
at  the same temperature. After the elimination of the 
effect of electrode polarization, the dielectric relaxation 
caused by a local hopping transition of charge carriers 
exhibits the same behavior as that of the conductivity 
relaxation. Thus, the electric modulus formalism is a 
convenient technique to analyze the conductivity relax- 
ation in the ?r-conjugated systems. However, the 
characteristic relaxation frequency of the blocked PBHT, 
tax, extracted from the data represented by the electric 
modulus formalism is lower than fLax by a factor of to / tm 
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Figure 4. Reduced plot of M"/M",,, vs log,, Cflfmar) for neutral 
poly(3-hexylthiophene) at (a) -100, -80, -60, -40, and -20 "C; (b) 
0,20,40,60,80, and 100 "C; and (c )  120, 140, 160, and 180 OC. 

according to the relationship16 

fL=(permittivity formalism) to M, 
(12) 

f&(modulus formalism) e- Mo 

where Mo is the inverse of eo. Thus, as the sample is blocked 
by nonconducting materials so that no charge is trans- 
ported from one electrode to the other, the fz= should be 
corrected by the factor eo/tm. 

2. Conductivity Relaxation Time Distribution and 
Chain Motions at Various Temperature Levels. The 
reduced plots of Mff/Mffm= vs loglo(flfm=) for P3HT at 
various temperatures are shown in Figure 4. At  the low- 
temperaturerange (-100 to -20 "C), the Mff/Mffm= curves 
almost locate on the same distribution curve (Figure 4a), 
indicating an existence of the same distribution of relax- 
ation times and therefore the same /3 value. As temper- 
ature increases to the range 0-100 "C, the width of the 
distribution curves increases with increasing temperature 
as shown in Figure 4b. As temperature further increases 
to the range 120-180 "C, the distribution curves become 
narrower as shown in Figure 4c. The solid lines in Figure 
4b,c are the fitted curve in Figure 4a for comparison 
purposes. 

The calculated values of /3 from curve fitting at various 
temperatures for the P3ATs are plotted in Figure 5. Let 
us analyze the typical P3AT, P3HT, first. The variation 
of /3 with temperature can be divided into four regions: 
(i) below -30 "C, /3 remains constant at a value of about 
0.61; (ii) between -30 and 40 "C, it drops significantly; (iii) 
between 40and 100 "C, it  drops rapidly; (iv) above 100 "C, 
it increases rapidly. The temperature dependence of the 
relaxation time distribution parameter /3 is highly related 
to the thermal transitions determined from mechanical 
relaxation and optical absorption (which reflects the 
conjugation length or energy of the r-electrons) experi- 
menta as to be revealed below. 
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Figure 5. Variation of relaxation time distribution parameter 
@ with temperature T for neutral poly(3-butylthiophene) (w), 
poly(3-hexylthiophene) (e), poly(3-octylthiophene) (A), and 
poly(3-dodecylthiophene) (X). 
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Figure 6. Dynamic mechanical analysis of neutral poly(& 
hexylthiophene) at frequency of 1 Hz and heating rate of 2 OC/ 
min. 

The dynamic mechanical analysis (DMA) of PBHT in 
Figure 6 shows the following: (i) a /3 transition in the 
temperature range -125 to -15 "C (centered at -26 "C) 
resulting from a relaxation of the hexyl side chains; (ii) an 
a transition (glass transition) from -15 to 75 "C (centered 
at 27 "C) resulting from a relaxation of the conformons 
(twists in the disordered phase); (iii) a rubbery region 
between 75 and 100 OC; and (iv) above 100 "C the ordered 
phase in P3HT starts to melt. 

The absorption maximum (E*) vs temperature ob- 
tained from UV-vis spectra of the P3HT between -100 
and 200 "C shown in Figure 7 can also be divided into 
three regions: (i) below -20 "C, Exma remains constant at  
a value of about 2.46 eV; (ii) in the glass transition (a 
transition from soft conformons to more localized con- 
formons) from -20 to 100 "C, E;hmcu increases by about 0.1 
eV; and (iii) in the melting region from 100 to 180 "C, 
EA- increases by 0.39 eV during which thermochromism 

From a comparison among the analyses on the thermal 
transitions from the results of conductivity relaxation, 
DMA, and UV-vis spectra, it is quite clear that the 
conductivity relaxation behavior is highly related to the 
molecular motions. Below -30 "C (region i), although the 
side chains are relaxed while the main chains remain frozen, 
/3 remains constant, indicating that the side-chain motion 
has an insignificant effect on charge transport. As the 
subchains in the disordered phase (soft conformons) are 
able to relax (region ii), the torsion angle between two 

occurs. 
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Figure 7. Variation of energy absorption maximum Exmaa with 
temperature T for neutral poly(3-hexylthiophene). 

successive rings in the conformons increases, leading to a 
decrease in conjugation length and an increase in the 
barrier height of charge carrier motion. Then the relax- 
ation time distribution is broadened. As the temperature 
increases up to 100 "C (region iii), the torsion angle further 
increases and the conformons become more localized, 
causing the relaxation time distribution to be further 
broadened. As coplanar subchains in the ordered phase 
melt (region iv), the conjugation length becomes shorter 
and finally reaches a state of about two or three coplanar 
rings as the temperature reaches 190 "C, as calculated by 
Salaneck et al.,4 and the relaxation time distribution of 
the bulk polymer becomes very narrow. 

A similar analysis for the other P3ATs (PBBT, P30T, 
and P3DDT) was also carried out. As side-chain length 
increases, the thermal transition of the entire /3 curve shifts 
toward lower temperature level as in the case of the energy 
of optical absorption maximum. Effects of chain motions 
due to temperature variation on conductivity relaxation 
behavior of the other P3ATs except P3BT are similar to 
those of P3HT. The j3 curve for P3BT is quite different 
from those of the others, in which /3 remains constant in 
the vicinity of a-transition region as in the case of its energy 
of optical absorption maximum.17 The latter was attrib- 
uted to the coupled thermal motions of the side chain and 
main chain owing to its shorter side chain, since no side- 
chain relaxation (/3 transition in DMA) and no transition 
shoulder in the energy of optical absorption maximum in 
the a-transition region are observed. 

3. Conductivity Relaxation Behavior in the Glass 
Transition and Melting Regions. The temperature 
dependence of fm, for P3ATs is shown in Figure 8 in the 
form of the Arrhenius plot loglofm, against 1/ T; the slope 
of the linear portions below the onset of the a-transition 
region (or the glassy state) is taken as the activation energy 
for conductivity relaxation Ef(jm,). The values of E: 
(jmax) are in the range 0.19-0.38 eV (Table I), which is 
lower than the range 0.5-0.8 eV for the activation energies 
of side-chain relaxation of conventional polymers deter- 
mined by dielectric re1axati0n.l~ The Rum,) values for 
P3ATs decrease with increasing length of the alkyl side 
chains, indicating that the P3ATs with longer side chains 
should have lower energy barriers for charge hopping. 

During the a-transition region, the curves of loglo f- 
vs 1/T in Figure 8 are concave downward as in the case 
of dielectric relaxation and mechanical relaxation of 
conventional amorphous polymers and can fit the free 
volume model, the Williams-Landel-Ferry (WLF) equa- 
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Figure 8. Variation of maximum relaxation frequency fmax with 
temperature T for neutral poly(3-butylthiophene) (H), poly(3- 
hexylthiophene) (+), poly(3-octylthiophene) (A), and poly(& 
dodecylthiophene) (X). The inset is the relaxation rate for neutral 
P3ATs fitting by WLF equation at glass transition region. 

Table I. Activation Energies of Conductivity Relaxation E: 
(f,,,) below the Onset of Glass Transition Regin and 

Williams-Landel-Ferry Parameters for P3ATs 
P3BT P3HT P30T PIDDT 

8.54 3.14 3.21 2.35 
10.31 26.63 14.82 3.03 

Egcf ) (eV) 0.38 0.25 0.22 0.19 

CZ 
To ("'2) -5.5 -30.4 -25.8 -35.0 

fP 0.051 0.138 0.135 0.185 
a r ( 1 ~ 3  oc-1) 4.93 5.19 9.13 61.0 
T,(onset)' ("C) 5 -15 -25 -25 

( O C )  150 100 80 90 
EgxmaXa (eV) 2.59 2.46 2.44 2.42 
' Onset temperatures of the CY transition and melting regions for 

the P3ATs were determined from the energy of absorption maximum 
EhaX vs temperature and for P3BT, P30T, and P3DDT were taken 
from ref 17. Egimar is the value of Ehmax at -100 "C. 

tion,ls quite well (the inset in Figure 8) 

CI max 

where f m a ( T 0 )  is the relaxation frequency at the reference 
temperature TO and C1 and CZ are fitting parameters. 
According to the WLF theory,lg these parameters are 
related to the fractional free volume below the reference 
temperature f, and the free volume expansion coefficient 
above the reference temperature af as 

f g  = [C, ln(lO)]-' and af = fJC, (14) 
The fitting parameters TO, C1, and CZ and the calculated 
f g  and af are listed in Table I. TO is about 10-15 O C  lower 
than the onset temperature of the a transition, while the 
values off, and at are larger than the 'universal" values 
0.025 and 4.8 X 10-1 determined from mechanical relax- 
ation, respectively. This might indicate that the fractional 
free volume for charge hopping at  glassy state is larger 
than that for displacement of dipoles in conventional 
polymers. The f, in the latter only corresponds to the free 
volume around the orientational dipoles, while f, in the 
former can be interpreted as the volume within which a 
charge can freely hop to its near-neighboring sites. The 
present cyf for charge hopping is 1-2 orders higher than 
the af determined from mechanical relaxation. This can 
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of the P3ATs, the conformational defects in the main 
chains are soft conformons, in which the distortion is 
distributed over several repeating units between two 
successive coplanar subchains or between a coplanar 
subchain and a localized conformon. The torsion angle in 
the soft conformon would be sufficiently small to allow ?r 

electrons in the soft conformon to participate in the 
delocalization with their immediate neighboring coplanar 
subchains of the same chain. The energy of optical 
absorption maximum below the onset of the glass transition 
region EgAmm of the P3BT, P3HT, P30T, and P3DDT 
(each varies by about 0.015 eV and can be considered as 
a constant) are 2.59, 2.46, 2.44, and 2.42 eV a t  -100 "C 
respectively. The decrease of Eghm with increasing side- 
chain length, which can promote the extent of coplanarity 
in the soft conformons and conjugation length in the 
coplanar subchains, is in agreement with the case of 
(adc). Thus, the charge transport path can be inferred: 
a charge first delocalizes along a coplanar subchain and 
ita immediate neighboring conformon in the same chain 
and then hops over a neighboring localized conformon to 
a neighboring site in a coplanar subchain/soft conformon 
located in the same chain or in the other neighboring 
chains. A contribution to the conductivity due to inter- 
chain charge hopping across side chains is insignificant; 
otherwise, Ef(bdc) should increase with increasing alkyl 
side chain length. Under an applied alternating electric 
field, the localized carriers can hop to neighboring sites 
like the reciprocating motion of a jumping dipole (which 
contributes to ac conductivity) or jump to neighboring 
sites which form a continuous connected network, allowing 
the charges to travel through the entire physical dimen- 
sions of the sample (which contributes to dc conductivity). 
The highEf(udc) value of P3BT is due to ita more localized 
conformons as can be manifested from its higher EgXmm 
than the others. 

In the glass transition region, as temperature increases, 
the torsion angle in the soft conformons increases. Thus, 
the previously delocalized ?r electrons in the soft confor- 
mons are confined to the localized subchains (localized 
conformons), causing an increase of the energy barrier of 
charge hopping. During this period of a relaxation, Udc 
exhibits a drastic change with temperature resulting from 
two competing factors of thermally activated charge motion 
(which leads to an increase in Udc) and increasing ring 
torsion angle in the conformons (which leads to a decrease 
in Udc). After the completion of the a-relaxation process, 
the coplanar subchains in the ordered phase start to melt. 
This leads to a shortening of the conjugation length and 
an increase of distance between localized sites. Thus, 
charge hopping must overcome the higher energy barrier 
as indicated by the larger activation energy as shown in 
Table 11. 

E,Y(odc) (eV) 0.38 0.25 0.22 0.19 
Er(udc) (eV) 0.74 0.41 0.59 0.54 

probably be attributed to the fact that charge mobility is 
much more thermally sensitive than segment mobility. 
The fit of f-vs T with the WLF equation for conductivity 
relaxation in the glass transition region indicates that the 
increase of ring distortion (or increase of localization of 
the conformons) in the disordered region does affect the 
conductivity relaxation behavior. 

From the conductivity relaxation data, dc conductivity 
Udc can be estimated from the relaxation parameters ad4  

udc edMm ( r p  ) (15) 
where (rp) is the average relaxation time. For a decay 
function defined by eq 10, (rp) is given by14v20 

where I' denotes the gamma function. The calculated Udc 
values for the P3ATs are plotted against inverse temper- 
ature 1/T as shown in Figure 9; the variations of Udc and 
fmm (Figure 8) with 1/T are very close. In the same way 
as fm-9 Udc also increases linearly with increasing tem- 
perature below the onset of the glass transition region, 
shows a drastic change in the a-transition region, and then 
again increases linearly during melting of the ordered phase 
with increasing temperature. The activation energies of 
Udc in the glassy state Ef(udc) and in the melt state E: 
(udc) evaluated by Arrhenius relation are listed in Table 
11; the former is about half of the latter. This remarkable 
change of Udc for the P3ATs was also observed by Yoshino 
et al.21 using direct measurement of dc conductivity. They 
attributed this change to strong carrier scattering due to 
large conformation change at  the maximum conductivity 
temperature?l which decreased with increasing alkyl chain 
length as is also observed in this work. However, no specific 
description about the conformation change was given by 
them. In addition, for poly(3-docosylthiophene), they 
observed a conductivity maximum at solid-liquid tran- 
sition temperature at  about 75 0C.22 

4. Charge Transport Path. In our previous work,17 
it was established that, before the onset of glass transition 

Conclusion 
The complex electric modulus is a convenient formalism 

to eliminate the effect of electrode polarization in dielectric 
relaxation measurements of the conjugated polymers, from 
which information about conductivity relaxation behavior 
can be obtained. The conductivity relaxation time dis- 
tribution can be represented by a nonexponential decay 
function involving a relaxation time distribution parameter 
and a characteristic relaxation time as in the case of 
vitreous ionic conducting materials. The variation of 
relaxation time distribution with temperature is highly 
related to the chain motions. As an electric field is applied, 
charges delocalized along coplanar subchains, each with 
one or two soft conformon terminals, hop over localized 
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conformons to the neighboring sites. Contribution to the 
conductivity due to charge hopping across the side chains 
is insignificant, since the activation energy does not 
increase with the side-chain length. 
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