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Abstract

Electrical properties of polypyrrole/sulfated pgdytiydroxyethers) (PPy/sulfated PHE), wherein the sulfated hydroxy groups in the latter
component worked as dopants, were investigated, varying the doping level as well as the PHE moleculf,m@bke plends can be
categorized into three groups: the slight-, moderate- and high-sulfation. In the moderate-sulfation, the charge transport above 80 K is
characterized by the two-dimensional variable-range hopping (2D-VRH) through the PPy conducting channels formed on the surfaces of
coiled PHE. In the high-sulfation, the dimensionality of the VRH changes from two to three. In addition, the carriers in the metallic states also
participate in the charge transport. In the slight-sulfation, the hopping to the nearest neighbors operates in addition to the 2D-VRH. For all the
samples, the dominant conduction below 80 K is the hopping governed by a Coulomb gap due to the electrostatic interaction between
carriers. The change in the doping level causes the transition from one sulfation group to anothik, velarge, whereas most blends are
categorized into the moderate sulfation group wiris small. This behavior is interpreted, considering Myedependence of the spatial
distributions of the PPy in the PPy/PHE blen@s2000 Elsevier Science Ltd. All rights reserved.

Keywords Polypyrroles; Conductivity; Temperature dependence

1. Introduction models that have been developed originally for structu-
rally disordered inorganic materials. Most of the models
Electrically conducting polymers are a class of materials [1-8] can be conveniently summarized by the following
that have been intensively studied for almost two decades,equation
aiming at applications for electromagnetic shielding,
batteries, sensors, displays and so on. However, their prac-O(T) = oo exp—(TyD)™, @)
tical use is still limited in spite of the variety of their elec- whereo, is a moderately temperature-dependent pre-expo-
trical, electrochemical, optical and mechanical properties. A nential factor,T, a characteristic temperatune usually an
picture of an idealized conducting polymer is a one-dimen- integer in the range 1-4, being dependent on details of
sional chain of identical monomer units, whoselectrons hopping conduction processes.
are delocalized over the length of the chain in energy bands. The fact that structural parameters play crucial roles in
However, there are several differences between the idealthe transport of conducting polymers provides us with a
and the real polymer. One of them is that the latter includes possibility in polymer blends like polypyrrole (PPy) doped
various types of structural disorders, which have consider- with sulfated polyp-hydroxyethers) (sulfated PHE) [9-11]
able influences on its charge-carrier transport. A most criti- or poly(p-styrenesulphonate) [12,13]. It may be possible to
cal one is the randomness in inter-chain distance which modify the parameters of the conducting networks such as
exists inherently in the real polymers with a macroscopic their dimensionality and the inter-chain distances by chan-
dimension. The charge transport in most conducting poly- ging the content and morphology, for example, of the poly-
mers, therefore, has been discussed in terms of theoreticammeric dopants. The charge transport study on the PPy doped
with poly(p-styrenesulphonate) [12,13] revealed that its
"+ Corresponding author. Tel./Fax:81-123-27-6062. transport was a function of the morphology of the latter
E-mail addressk-kodama@photon.chitose.ac.jp (K. Kodama). component and that the variable range hopping (VRH)

0032-3861/01/$ - see front matt€r 2000 Elsevier Science Ltd. All rights reserved.
Pll: S0032-3861(00)00396-7



1534 K. Kodama et al. / Polymer 42 (2001) 1533-1539

1E+2 2. Experiment

Mn=151,000 ¢ MR=1.00 '
The PPy/s-PHE blends were prepared as described else-
A MR=0.35 where [9,10]. The PHE polymers were fractionated with
o MR= 0.12 acetone/tetrahydrofuran mixtures, which yielded the
o MR= 0.04 fractions having number-average molecular mads,=
) (ZiM;-n)/(3;ny), of 8500, 62,100 and 151,000, whargeis
the number fraction of polymers in an interval of the mass
histogram centered around the molecular nds$1ydroxy
groups in the PHE were then sulfated to varying degrees so
that the sulfation ratios MR were in the range of 0.04—-1. The
PPy/s-PHE blends were synthesized galvanostatically at
room temperature on a stainless steel electrode in a solution
of sulfated PHE (s-PHE), pyrrole and water in propylene
carbonate. The thickness of the prepared films was about
100 m. After the synthesis, the films were rinsed in propy-
lene carbonate and extracted with ethanol, and then dried in
vacuum at 58C for 12 h to remove water and propylene
carbonate remaining in the films. It seems that the amount
1E-6 | of water and propylene carbonate remaining in the films
after the treatment is little, judging from the result of
°]§°]—[O+Q°Y°‘} elemental analysis for the heat-treated films.
P T %0 g Chemical analysis of the sulfur to nitrogen ratio was
1E-8 , , , , carried out to reveal that the content of PPy in the blends
varied from 3% for samples with MR 0.04 to 35% for
01 02 03 04 05 0.6 samples with MR= 1. The doping level was in the range
14 14 of 0.35-0.21 electrons per PPy ring, depending mainly upon
1T, 1IK MR.

_ _ B _ A section of 5x 20 mnt was cut from each film, and Au
e e o,y eleciodes of 100 thickness were deposited with
figure is chemical structure of sulfated p@ykiydroxyethers) (s-PHE). vacuum evaporator for conduct|V|ty measurements. The
The sulfation ratio of the hydroxy groups in the PHE is expressed four-probe method was used for the measurement. The
as g/(p + ). conductivity was measured in the temperature range 20—

270 K, using a closed cycle refrigerator system. The electric
power dissipated in the samples was kept low enough to
model was not applicable [12], unlike PPy doped with small avoid the effect of Joule heating.
counterions [14—22]. However, a systematic study on the
transport of the PPy doped with polymeric dopants has not
been reported yet. 3. Results and discussion
In this paper, our results about the charge transport
studies of the PPy/sulfated-PHE blends are reported. The3.1. Evaluation of parameter n
PPy films are mechanically a little brittle, which can be
improved drastically by being blended with PHE that has  Typical results of the conductivity are presented as a
superior mechanical properties. The doping or sulfation function of T"¥*in Fig. 1 for the PPy/s-PHE blends with
ratio, MR= p/(p + ), wherep and q are the number of M, = 151000 and MR= 0.04— 1. The solid lines are the
the sulfated and the unsulfated hydroxy groups in PHE best fit for the experimental results determined with the least
chains, respectively, was systematically varied as well assquare method. The experimental results, for MRB.12
the PHE molecular masbj,, in order to modify the spatial  and 0.35 in particular, show a curvature in the topgs.
distribution of the PPy conducting channels. In this study, T~ plot, thus indicating that the dependence cannot be
the temperature dependence of the DC conductivity was described with a singla value in the whole temperature
analyzed in terms of temperature dependence of the reducedegion. Therefore, temperature dependence of the reduced
activation energyW(T) = Ta(n(c~1))/a(T™ 1), so that the  activation energy, W(T) = T-a(In p)/a(T %) [23], was
parameter,n, which reflects the charge-carrier transport calculated from the experimental results for all the samples
mechanisms is determined unambiguously. The results arein order to determine the parameteand make unambig-
interpreted in terms of thé/, dependence of the spatial uous distinctions among transport mechanisms. The para-
distributions of the PPy chains. meternin Eg. (1) was then determined with the least square
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Table 1

1535

Parameters describing charge transport propewigsstands for the room-temperature conductivityoy and T, for the parameters in Eq. (1IN for the
density of the states at the Fermi energy expressed as Eq. (F, fordhe activation energy in Eq. (5). The values marked with # on the right shoulder were

determined to give the best fit to the experimental results below 80 K

Category M MR orr (Qcm)? n To (K) oo (Qcm)t Ne (x 10%° 1/eV cnf) E. (meV)
High sulfation 8500 1.00 18.6 5.14 197,000 3200 11.3 -
62,100 1.00 14.4 5.45 365,000 5200 6.07 -
151,000 1.00 15.6 8.82 621,000 13,000 3.57 -
Moderate sulfation 8500 0.35 8.47 291 25,600 770 - -
8500 0.12 5.78 3.02 25,100 450 - -
8500 0.04 4.64 2.87 26,100 440 - -
62,100 0.35 8.40 3.07 28,400 890 - -
Slight sulfation 62,100 0.12 0.95 2.14 14,8000 1950 - 42.3
151,000 0.12 1.69 2.30 90,000 1140 - 37.0
151,000 0.04 0.12 1.72 525,000 10,600 - 71.5
method, using Eq. (2) to the n values: highly, moderately and slightly sulfated
1 1 1 samples. In the moderately sulfated samples,nth@lues
logW(T) = =log T, + Iog(—> — >ZlogT. (2) obtained above and below 80 K are close to three and two,
n n n

The n values thus obtained are given in Table 1. Most
samples investigated have a break point around 80 K in
the logW(T)] vs. log(T) plot, as shown in Fig. 2(a), indi-
cating that different values can be defined fdoelow and
above 80 K. For three samples with larlg and low MR,

the plot gives straight lines and singl@alues can be appar-

ently defined in the whole temperature range, as in Fig. 2(b).
However, their transport can be shown to be a combination

of, at least, two conduction mechanisms.

respectively. The values for the highly sulfated samples are
in the range 5.1-8.8 above 80 K and in the range 2.6-2.7
below 80 K. The slightly sulfated samples have apparently
single n values, ranging from 1.7-2.3, over the whole
temperature range, though their transport is a combination
of, at least, two different conduction mechanisms.

3.2. Charge transport above 80 K in moderately sulfated
PPy/s-PHE

The samples can be divided into three categories according

1E+1 L
; Mn = 62,100
» MR = 1.00
1E+0 i
1E+1

-d(Inp)/d(InT)

(b)
1E+0 L——

1E+1 1E+2

Temperature, K

1E+3

Fig. 2. The log (reduced activation energy) vs. Toglots. For the sample
with M,, = 62 100 and MR=1.00, a breakpoint is clearly recognized
around 80 K, whereas the plot gives a straight line over the whole tempera-
ture range for the samplil,, = 151 000 and MR=0.12. Then values
obtained from this plot are given in Table 1.

The moderately sulfated samples havenatalue of 2.9—

3.1 above 80 K. This value indicates that the charge trans-
port is the 2D-VRH [3]. A typical result is shown as a
function of T3 in Fig. 3(a). The straight line in the figure

is the best fit ofo(T) = oy expl—(To/T)Y?] to the experi-
mental results above 80 K, that was determined with the
least square method. The valuesogfand T, that give the
best fit are summarized in Table 1.

The 2D-VRH transport in moderately sulfated samples
can be understood, considering the morphology of PHE in
solvents based on polymer solution theories [24]. From
polymer solution theories, we can think of a polymer
chain in a solvent as a coiled structure, where, in the better
solvent, the more expanded and disentangled the coil
becomes. Considering this, we can imagine the PHE as a
coiled structure during sulfation (and PPy/s-PHE polymer-
ization), wherein it is statistically anticipated that the
hydroxy sites on the exterior will be preferentially sulfated,
as compared to the hydroxy sites situated in the interior.
Furthermore, this effect would be more pronounced for
polymers with low MR. The attractive electrostatic interac-
tion, that works between the oxidized PPy chains and the
negatively charged sulfated segments of the PHE, makes the
PPy chains situated close to the sulfated segments, thereby
forming the 2D conductive channel on the s-PHE surface.



1536 K. Kodama et al. / Polymer 42 (2001) 1533-1539

1E+2 1E+2
(a) (b)

€ 1E+1 | 1E+1 |
%)
2
2 1E+0 | 1E+0 |
17}
3
§ 1E-1 T T
w 80K 181 1 80K
0
3
o 1E-2 1E-2

1E-3 : 1E-3 :

0.05 0.15 0.25 035 0.45 0.00 0.10 0.20 0.30
1T K"

1/1-1/2 1/K112

Fig. 3. The electrical conductivity of the sample wifhy = 8500 and MR= 0.12 as a function of (&) **and (b)T Y2 The straight lines are the best fits to the
experimental results (a) above 80 K and (b) below 80 K, determined with the least square method.

3.3. Charge transport above 80 K in highly sulfated PPy/s- The result is shown as the inset to Fig. 4. The compatibility
PHE can be clearly recognized between the results of this study
and the data reported previously. This shows that the
Then parameter in Eq. (1) is usually smaller than four for assumption is valid and that the temperature-independent
structural-disorder-dependent transport. Thalues are in conduction is in operation in parallel with the 3D-VRH in
the range 5.1-8.8 above 80K for the highly sulfated highly sulfated samples.
samples, thus indicating the participation of a second charge A plausible mechanism for the componem,. is a
transport mechanism, which is different from those metallic one. The participation of the carriers in the metallic
governed by structural disorders. Therefore, it is supposedstates in parallel to the VRH is often concluded or proposed
that the charge transport above 80 K in the highly sulfated even when negative temperature dependence of the resistiv-
samples is expressed @Seasured™= OVRH T Tmetar The first ity is observed. For example, temperature dependence of
term in the right side of the equation is clearly ascribed to the resistivity of HSO,-doped thiophene was similarly
the VRH. In the analysis given below, the VRH on the explained, assuming the conduction in the metallic states
highly sulfated samples is assumed to be three-dimensionalin parallel to 3D-VRH [27]. The room-temperature conduc-
(3D), because most of the hydroxy groups are expected to betivity of this polythiophene is reported to be 11 S chnthat
sulfated in these samples. The second componepty, is similar to or even smaller than those of the highly sulfated
should be characterized by the reduced activation energyPPy/s-PHE blends. Therefore, it is reasonable to assume the
with weak temperature dependence, as compared to themetallic conduction in them.
3D-VRH, to give the overalh value larger than four. The

o meta COMpoONent, consequently, is treated as being tempera-3 4. Charge transport below 80 K in moderately and highly

ture-independent in this analysis. sulfated PPy/s-PHE
Then theo i value was optimized so that the temperature-
dependent component, gy, Was expressed as((T)) oc The n value below 80 K for the moderately sulfated

—T Y4 Theoyry component obtained in this way is shown samples is in the range 2.2-2.4, which indicates that
in Fig. 4 as a function of “**. The straight line is the best fit  their conductivity can be expressed as(T)=
of ayexp—(T, — T)Y4] to the oyry component above  oqexp—(Ty/T)Y?]. The conductivity of the sample with
80 K. The values ofory and T, that give the best fit are M, = 8500 and MR=0.12 is plotted against 2 in Fig.
given in Table 1. 3(b). The straight line in the figure is the best fit of
In order to confirm the compatibility 6fy and oyry thus oo expl—(To/TYY?] for the experimental results below
obtained with the results previously reported for PPy, we 80 K. The values ofT, and o giving the best fit are
calculated the room-temperature conductivity of the VRH summarized in Table 1. The conductivity of the highly
component,orryvre, With og and Ty obtained above and  sulfated samples can also be interpreted similarly, though
investigated the correlation betwe&pand orryrp. It has the n values obtained are a little larger than two.
been known that th&, vs. orrvru plot for various types of The Coulomb gap model based on the electrostatic inter-
structurally disordered materials gives a single curve [25]. action between the charge carriers [4] can consistently
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1E+2 3.5. Charge transport in slightly sulfated PPy/s-PHE

Mn = 62,100 . .
MR = 1.00 No break point was observed in the [¥g(T)] vs. log(T)

plot in the slightly sulfated samples. The singlealues in
the range 1.7-2.3 were defined for these samples over the
whole temperature range. Thevalue smaller than two
indicates the involvement of a conduction mechanism
whose reduced activation energy has larger temperature
dependence than that characterizedrby 2. Therefore,
the temperature dependence of the conductivity for these
1E+10 samples is analyzed, assuming that the conduction consists
o of two components at each temperature. The dominant one
L Qn% Sy is the same with that observed in the moderate sulfation
region: the 2D-VRH above 80 K and the Coulomb-gap-
S1E46 G ref19 + governed one below 80 K. The other is the hopping between
&3l F A ref.20 A@ the nearest-neighboring localized states (NNH), that shows
Esq | tref22 %@D the n=1 dependence [8]. The assumption of the NNH is
o ref.26 o justified for the samples with low MR and low PPy content.

B4 [, Lok ‘ ‘ Thus, the total conductivity is approximated as

1E-6 1E-4 1E-2 1E+0 1E+2 1E+4
ORT,VRHs S.cm’
1E-5 ' ' ' ' ' ' where the first term on the right side represents the 2D-VRH
015 020 025 030 035 040 045 0.50 above 80 K and the Coulomb-gap-governed hopping below
1T 1K™ 80 K, and the second the NNH. The parameters in this equa-
tion, such asrq, To andE,, were optimized with the least-
Fig. 4. The VRH component for the sample witfi, = 62 100 and square method, and are given in Table 1.

MR = 1.00, which is obtained by subtracting the t(?mperatu_re-independent Fia. 5 shows the simulated and the experimental r It
O meta COMpoNent from thereasured @S @ function ofl ¥ The inset to the 9 . . . pe ental resu _S’
figure is theTo VS. orr van plot [18-20,22,26]. where the thick curve is the best fit of Eq. (5) to the experi-
mental results (open circles) and the thin straight line the
NNH partin Eq. (5). The ratio of the NNH conductivity with
explain the experimental results. In this model, the Coulomb respect to the total conductivity is about 18—40% at 270 K,
gap plays an important role in the low-temperature DC depending orM, and MR, and increases with decreasing
conductivity, and its influence can be neglected at higher temperature. The contribution of the NNH is maximal
temperatures, where the VRH is dominant. This transition around 130—160 K. This contribution decreases with further
between 3D-VRH and the hopping governed by the decrease in temperature, and below 40 K, becomes negligi-
Coulomb gap occurs &, which can be expressed as ble. At these temperatures the thermal energy is too small
for the charge carriers to be activated and hop to a nearest-
3 neighboring state of different energy.

1E+1

O measured = Ometal.

-1

1E+0

1E1 |

1E-2 | 1E+8

v o ref.18

Electrical conductivity, S*cm

o(T) = g expl— (TN + onnn eXp—EalkeT),  (5)

N
¢ (41T€0€r)2ak5 ’

where e is the electronic chargeg, the permittivity of 3.6. Spatial distribution of PPy chains as a function of s-
vacuum ande, (= 14 for PPy [28]) the relative dielectric ~PHE molecular mass

constant of the material,gkthe Boltzmann constant. The
exponential decayy %, of the localized states was assumed
to be equal to the length of three PPy ringsl(nm). The
density of the states at the Fermi enengy, is given by [29]

T

Most blends with smallM, are categorized into the
moderate sulfation, whereas blends with lak§ieare cate-
gorized into the high, moderate or low sulfation, depending
upon MR. This is shown by the range of thevalue

ol observed above 80 K. It is in the range 1.72—8.82Mgr=
Nr = 4(BCW’ 4 151,000 whereas it is in the range 2.87-3.02 figk, =

80 8500 except for theM, = 8,500, MR= 1.00). A prelimin-
where 4. is a parameter depending on the dimensionality ary estimation of the PPy inter-chain distance reveals that all
of the conductive network and about 19 for 3D-VRH [29]. the samples would be in the moderate sulfation region and
The transition temperature was estimated to<¥5 K for the 2D-VRH would be observed, if the PPy chains were
the sample withM, = 62, 100 and MR=1.00, using the  distributed at random to form 2D channels on the s-PHE
value of Nr calculated with Eq. (4). This is almost equal surfaces. Therefore, it can be concluded for the blends, with
to the temperature where the transition in the transport large M, in particular, that a part of PPys is distributed
mechanism is observed in the [&§(T)] vs. log(T) plots. inhomogeneously. This behavior can qualitatively be
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1000/T, K respectively.

Fig. 5. The electrical conductivity of the sample with, = 62 100 and

MR = 0.12 as a function of reciprocal temperature. The thick line is the best open squares and open triangles are the resultdffoe

fit of Eq. (5) to the experimental results, where thealue in the first term is 7000 and 30,000, respectively.

asst_Jmeq to be three and two above ar_]d below 80‘K, respectively. The thin The probability that the sulfated segments occupy the

straight line expresses the nearest-neighbor hopping component. sites on the s-PHE surface is a slowly decreasing function
of MR whenM, is small, whereas it decreases rapidly for

explained by taking into account thé, dependence of the  |arge M,. This means that the number of the sulfated

spatial distribution of the sulfated hydroxy groups in the s- segments in the inner region of the sphere increases rapidly

PHE. with increasing MR wheiM, is large.

The spatial distribution of the sulfated segments is first A PPy chain tends to be situated close to a sulfated
examined, by employing a 3D-lattice model, similar to the segment due to the electrostatic interaction between them,
Flory—Huggins’s 2D-model [30]. In the model employed, it i the sulfated segment is near the s-PHE surface. However,
is assumed that sulfated and unsulfated segments of a s-PHEhe number of the PPy chains that are not situated close to
occupy lattice sites in the 3D lattice, and are assembled togyfated segments increases as MR increases, because more
form a sphere. It is also assumed that the occupancy prob-gyfated segments occupy the inner sites and it is difficult for
ability of a sulfated segment does not depend on its position ppy chains to penetrate into PHE spheres. The PPy distribu-
in the sphere. Then the probabilitis, that the sulfated tion, then, can be inhomogeneous near the PHE-surface
segments occupy the sites on the surface of the assembleq,iegion because of immiscibility due to molecular mass
sphere is approximated by the following equation difference between PPy and PHE. This situation is much

more remarkable for largd,, owing to the larger difference
= Nourermost N! 6 in the molecul Thi bring the region where th
= = ool !/ N = nomngl’ (6) in the molecular mass. This may bring the region where the

(NoutermosT ~ Ne)!Ns! /- ( s/ls PPy content is high enough for the metallic phase to be

whereN stands for the number of the sites in the assembled formed at high MR and, at low MR, the long inter-chain
PHE spherens (=MR-N) for the number of the sulfated distance with which only the NNH is available.
segment.NoytermosT IS the number of the sites available
on the surface of the assembled sphere, which is approxi-
mately given by

Ps

4. Conclusion

4nR — 4m(R—2r)° The doping or sulfation ratio and the molecular mass of
3 3 . . .
NouTtermosT = v ) (7N PHE were systematically varied in the PPy/s-PHE blends to
modify the geometry of the PPy conducting channels.
whereR is the radius of an assembled spherendyv the Several types of transport mechanisms could be brought

radius and the volume of a component sphere occupied byinto operation reflecting the change in the parameters of
the sulfated- or the unsulfated-segment. The estimated probthe conducting channels. The blends investigated can
ability is shown as a function of MR in Fig. 6, where the be categorized into three groups: slight-, moderate- and
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high-sulfation groups. In the moderate sulfation region, the [10] Yamato H, Wernet W, Ohwa M, Rotzinger B. Synth Met 1993;55—

blends are visualized as an assembly of coiled s-PHE along " 27:35_5()'15-8 VN, Paschen S. Chavet 0. Forro L. Phve Rev B

whose surface the 2D conducting PPy channels are formed.!*"! 1382’;%;8)"5]?9353203 » raschen s, Lhavel L, Forro L. Fhys Rev

Their charge transport above 80 K, therefore, is the 2D- 151 Glatzhofer DT, Ulaski J, Wegner G. Polymer 1987;28:449-53.

VRH. As MR is increased, the dimensionality of the VRH  [13] Ulafiski J, Glatzhofer DT, Przybylski M, Kremer F, Gleitz A, Wegner

changes from 2D to 3D. In addition, the charge carriers in G. Polymer 1987;28:859—62.

the metallic states also participate in the transport in parallel [14] V‘;agtanatzg) 2A2’ ;znaka M, Tanaka J. Bull Chem Soc Jpn
; : 1981;54(8):2278-81.

with t.he 3D-VRH. On the c_ontrary, _a; MR is dgcreased’ the [15] Roy R, Sen SK, Digar M, Bhattacharyya SN. J Phys Condens Matter

hopping to the nearest neighbors is in operation as well as 1991:3:7849—56.

the VRH. The dominant conduction below 80 K for all the  [16] singh R, Tandon RP, Chandra SJ. Appl Phys 1991:70(1):243—5.

samples is the hopping one governed by a Coulomb gap du€[17] Meikap AK, Das A, Chatterjee S, Digar M, Bhattacharyya SN. Phys

to the electrostatic interaction between the carriers. The Rev B 1993;47(3):1340-5. .

emergence of various transports was qualitatively explained [18] Singh R, Narula AK, Tandon RP, Mansingh A, Chandra S. J Appl

. . C Phys 1996;79(3):1476-80.
in terms of the inhomogeneous PPy distribution as a func- [19] Sato K, Yamaura M, Hagiwara T, Murata K, Tokumoto M. Synth Met

tion of M, 1991;40:35-48.
[20] Travers JR, Audebert P, Bidan G. Mol Cryst Lig Cryst
1985;118:149-53.
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