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The structure and temperature dependence of conductivity in conjugated polymers -

polyaniline and

poly-3,4-ethylenedioxythiophene doped by multiwall carbon nanotubes (MWCNT) with their content near
percolation threshold were studied. It was found that temperature dependence of specific volume re-
sistance follows by activation low and is linear in Inp-1/T coordinates in the temperature interval of 273-
403 K. Introduction of carbon nanotubes in concentration near percolation threshold (0.13-0.64%) leads to
increase of conductivity in polymer nanocomposites in 4.4-9.5 times. Simultaneously the activation energy
of charge transport increasing for conjugated polymers-MWCNT nanocomposites comparatively with ini-

tial polymers.

According to X-ray powder diffraction a process of polymer doping by MWCNT leads to increasing pol-
ymer crystalline level in result of formation the ordered “domains” in the amorphous polymer matrix. This
structural streamlining leads to an increase of the energy required overcoming areas of amorphous phase
and charge carriers are localized in the areas of crystallinity.
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1. INTRODUCTION

The Nobel Prize in Chemistry (2000) demonstrated
the importance of polymers with conjugated backbone
and controlled electron characteristics [1-3]. On the
basis of such polymers, new organic materials are being
developed for molecular electronics and sensors [4, 5].
Conducting polymer systems present electron delocali-
zation, arising from conjugated double bonds in the
polymer backbone. They show electrical conductivity in
doped states (p-doping or n-doping) and are insulators
when they are undoped (neutral state). As a result of
doping-dedoping processes the electronic properties
(e.g. band gap) of the conjugated polymers can be es-
sentially varied. However the conductivity of most
polymers can vary substantially depending on molecu-
lar weight distribution, purity, conformation, and de-
fect concentration.

Among the family of conducting polymers the polyani-
line (PAN) and poly-3,4-ethylenedioxythiophene (PEDOT)
have the advantages due to thermal and oxidative stabil-
ity, good workability and high electrical conductivity. The
synthesis of these polymers is relatively simple and regu-
lated, which means a bright future in application [3, 4].

Nanosystems based on conducting polymers doped
by carbon nanoclusters (graphene, fullerene, carbon
nanotubes) are promising materials for memory devic-
es, plastic solar cells, and sensors [6-13]. The carbon
nanotubes (CNTs) are considered as 1D nanomaterials
for the field of nanotechnology and sensor-related ap-
plications [7, 12] due to excellent mechanical and elec-
tronic properties, ability to increase a conductivity of
polymers and their sensitivity to different gases and
vapors of organic solvents [13]. Over the last years, “in
situ” polymerization in the presence of carbon nano-
tubes has been intensively explored for the preparation
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of polymer-grafted nanotubes and processing of the
corresponding polymer-composite materials. The main
advantage of this method is that it enables a better
nanotube dispersion and formation of a strong interface
between the nanotube and the polymer matrix [7, 11].

The electrical transport properties of the hybrid
nanosystems formed by the conjugated polymers and
CNTs demonstrated behavior follow to semiconductor at
room temperature [7]. In the composite film the changes
in the electrical resistance can be explained in terms of
interaction of polymer with the nanotubes [7, 12].

For CNT low concentrations, the conductivity of
doped polymers remains at the same level than the
polymer matrix. At a certain critical CNT concentration
(percolation threshold), the conductivity starts a sud-
den increase. Polymer composite formation from low to
high nanotube concentration increases the conductivity
dramatically by ten orders of magnitude, indicative of
percolate behavior [8, 11].

The percolation threshold for conjugated polymer-
nanotube composites is ranging between 0.02 wt.% and
0.05 wt.% [11], or 5 and 8.4 wt.% [ 8], or 0.13-0.64 wt.%
in our study [14].

Most research in this area is concerning the charge
transport in composites at CNT contents above the
percolation threshold, where conductivity is provided
by high-conductive nanotubes [9]. However, effect of
carbon nanotubes on the parameters of charge
transport at low level of polymer doping is insufficient-
ly studied.

In order to estimate the effect of doping on the pa-
rameters of charge transport in the polymer nanocom-
posites in conditions near the percolation threshold, we
studied the structure and temperature dependences of
conductivity of conjugated polymers - polyaniline (PAN)
and poly-3,4-ethylenedioxythiophene (PEDOT) doped
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by multiwall carbon nanotubes (MWCNT) in the tem-
perature interval of 273-403 K.

2. EXPERIMENTAL

The samples of PAN powder were prepared by known
method of oxidative polymerization of aniline in the pres-
ence of equimolar amount of ammonium persulphate as
oxidant in 0.5 M sulfuric acid [3, 4]. For synthesis of PE-
DOT  the oxidative  polymerization of  3,4-

ethylenedioxythiophe (EDOT) in the presence of ammo-
nium persulphate was carried out in the mixture solution
0,5 M H2S04:C2Hs0H = 1:1. The molecular structure of
polymers is presented in the Fig. 1.

KO OO Ot

Fig. 1 — Chemical structure of elementary link of polyaniline
(a) and poly-3,4- ethylenedioxythiophene (b)

The synthesis of nanocomposites was realized by the
procedure described above by “in situ” polymerization of
aniline or EDOT at the presence in reaction mixture the
nanosize filler — multiwalled carbon nanotubes MWCNT).
Nanotubes were purchased from Aldrich, with the degree
of purification > 95 %, diameter of nanotube is 8-15 nm,
length — 25-30 um and content of hydroxyl groups (— OH)
near 5%. The content of MWCNT in composition was
0.13 wt.% and 0.64 wt.% [14]. Process of functionalization
of nanotubes was performed by the ultra sound treatment
of MWCNT in the mixture of strong inorganic acids —
nitric and sulfuric in their volume ratio of 3:1 [15].

The data of X-ray powder diffraction (XRD) were col-
lected on an automatic diffractometer STOE STADI P
with a linear PSD detector (transmission mode; Cu K1
radiation, a curved germanium (111) monochromator);
26-range: 4<26< 110. X-ray phase analysis was per-
formed using the Powder Cell [16] and LATCON [17]
programs. Determination of the average apparent size
was performed by simplified integral breadth methods,
using the profile fitting procedure.

Measurements of the specific volume conductivity and
temperature dependence of resistance were carried out at
dynamic temperature change (5 K/min) by two-probe
method in the air. Powder sample was placed in quartz
cylinder (d = 3.6 mm, h =2 mm) between two nickel disc
contacts with built-in thermo-couple and under pressure
of 10 N/em? as described in [3].

3. RESULTS AND DISCUSSION

Conductive polymers investigated in the work are
characterized by the values of specific volume resistivi-
ty (p) referred to organic semiconductors [1-4]. Synthe-
sized by oxidative polymerization powders of conduct-
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ing polymers are self-doped by sulfuric acid with
p203 = 1.97 Ohms-m (PAN) and 1.15 Ohms-m (PEDOT).
The data of the temperature dependence of resistance
in the range of 7'> 293 K were elaborated within the
band model [3, 19] using an exponential equation

p=py-exp(E,/2kT),

where E, - activation energy of charge transport, oo —
constant.

The dependence of polymer’s specific volume re-
sistance, normalized to resistance defined at room tem-
perature (o/p293) from 1/7T is linear for PAN in the tem-
perature interval 303-393 K and for PEDOT in the
range of 303-363K. The linear dependence of
In(p/p93) — 1/T gives a possibility to determine activa-
tion energy of charge transport (E.;) for this tempera-
ture range. It found the Eq values for sample of polyani-
line is 0.072 eV and E, = 0.196 eV for PEDOT (Table 1).

Introducing the MWCNTs in polymers at low
amount 0.13 wt.% almost does not affect the values of
the resistivity, but leads to a certain increase in the
activation energy of conductivity (Table 1). The de-
crease of p value becomes noticeable at MWCNTSs con-
tent near 0.64 wt.% leading to increase of conductivity
in the polymer nanocomposites in 4.4-9.5 times. Tem-
perature dependence of specific volume resistance for
PAN and PEDOT, doped by multiwall carbon nano-
tubes (Fig. 2 and 3) also follows by activation law and is
linear in the temperature interval 303-393 K.
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Fig. 2 — The temperature dependence of resistance for polyan-
iline doped with carbon nanotubes at their content: 1 — 0; 2 —
0.13 % MWCNT; 3 — 0.64 % MWCNT

It noted that decrease in specific resistance of doped
polymers associated with rising of the activation energy
of charge transport (Table 1). Numerical values of the
activation energy and parameter po are listed in the
Table 1.

To understand the nature of the influence of doping
on the activation parameters of conductivity the struc-
tural studies of PAN and PEDOT doped with MWCNTSs
were carried out. Fig. 4 presented the X-ray diffraction
pattern for doped by nanotubes and undoped PAN.
Basic diffraction pattern of acid doped PAN without
MWCNT contains several strongly widening diffraction
peaks (amorphous halo) and indicates the formation of
almost amorphous phase PAN.

The exact definition of microstructural parameters
carried out. Fig. 4 presented the X-ray diffraction the
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Table 1 — The parameters of charge transport for conducting polymers and their composites with carbon nanotubes

Polymer p293, Ohms-m po, Ohms-m Eq,eV
PAN 1.97 9.2410-2 0.072 £ 0.001
PAN - 0.13 % MWCNT 1.98 6.910-2 0.186 + 0.003
PAN - 0.64 % MWCNT 0.45 2.810-2 0.348 £ 0.003
PEDOT 1.15 2.15 0.196 + 0.001
PEDOT — 0.64 % MWCNT 0.12 1.13 0.216 + 0.001
1000/T, K Basic diffraction pattern of acid doped PAN without
0c¥8 27 28 29 30 31 32 33 MWCNT contains several strongly widening diffraction
* \ : * : J " - peaks (amorphous halo) and indicates the formation of
-0:1) almost amorphous phase PAN. The exact definition of
-0,24 microstructural parameters (size of coherent scattering
0,3 domains, approximation — the linear average of particle
% ol size of crystallites) is difficult because of the strong
S widened reflections and the background, but it can be
= 0 assumed that the estimated size of domains coherent
T 0,61 scattering is ~ 20-30 A [3]. In the presence of MWCNT
0,74 in composite even in such small quantities as 0.64 %, a
o8] shape of diffraction picture significantly changed
sl 2 (Fig. 4, curve 1)

Fig. 3 — The temperature dependence of resistance for PEDOT
doped with carbon nanotubes at their content: 1 — 0; 2 —
0.64 % MWCNT
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Fig. 4 — X-ray patterns of PAN-MWCNT(1) and PAN (2)

activation parameters of conductivity the structural
studies of PAN and PEDOT doped with MWCNTs were
pattern for doped by nanotubes and undoped PAN.

60.0 2Theta

The series of crystalline maximums with higher in-
tensity are appeared. Diffraction pattern of PAN-
MWCNT is amorphous-fractal, as evidenced by a sharp
increase in intensity at low angles and extended highs
of diffraction maxima. However, the observed diffrac-
tion pattern includes a narrow, well-formed diffraction
peak at 20=6.417° (interplanar distance
d =13.763 A). You can note that this reflection diffrac-
tion peak corresponding to the first one for sample acid
doped PAN (Table 2). Obviously, the basic structure of
nanocomposites in the formation of carbon nanotubes
changes, and it produced enough area with a high de-
gree of crystallinity. Thus, the average linear size of
crystallites calculated from this diffraction peak are
~ 514 A.

Compared with polyaniline, the PEDOT character-
ized by a more pronounced amorphous halo with broad
peaks of crystallinity in X-ray diffractograms. Doping of
PEDOT by MWCNT causes the increasing of crystallin-
ity level, as well for PAN, while not creating additional
peaks (Fig. 5).

Table 2 — The parameters of charge transport for conducting polymers and their composites with carbon nanotubes

Sample Reflection maxima, Interplanar, Crystallite Degree of
260, degrees distance, d, A size, L, A crystallinity, I, %
25.267 3.522
20.101 4.414
PAN 15.933 5558 302 15+ 3
6.396 13.808
28,68 3.112
PAN-MWCNT 22.15 4.063
(0.64 %) 15.93 5.558 Bld+2 29+3
6.417 13.763
7.2 12.28
PEDOT 19.8 4.48 59.4+0.6 9.6+0.8
22.5 3.95
6.8 12.99
PEDOT-MWCNT 11.9 7.44
(0.64.%) 199 a6 90.8+ 0.9 15.4+0.8
26.1 3.41
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According to X-ray powder diffraction a process of
polymer doping leads to increasing polymer crystalline
level in result of formation the crystalline “domains” in
the amorphous polymer matrix.
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Fig. 5 — X-ray diffraction patterns of PEDOT (a) and PEDOT-
MWCNT (b)

2Theta

Charge transport in low-dimensional polymer
nanosystems may be considered in the frame of “do-
main” or “granular” model of conductivity. According to
these representation in polymer there are existed the
ordered areas (domain or crystallites) with high con-
ductivity. Charge transport between these domains
occurs by
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hopping mechanism across the low-conductive amor-
phous shells, which create the energetic barrier to con-
ductivity [18, 19]. It may be expected that inside crystal-
linity domains the significant interchain overlapping of
wave function by all domain volume take a place [19].

Structural features suggest that the increase in
temperature allows the charge transfer between the
regions of crystallinity across the disordered polymer
phase. In result of doping the area of conductive do-
mains (crystallites) isoincreased, for example, for PE-
DOT from 60 to 92 A, degree of crystalline is twice
higher (see Table 2). According to X-ray powder diffrac-
tion a process of polymer doping leads to increasing
polymer the degree of crystallinity in result of for-
mation the crystalline “domains” in the amorphous
polymer matrix. But at MWCNT contents lower than
percolation threshold the main processes of charge
transport occur in polymer matrix. This structural
streamlining leads to an increase of energy required
overcoming areas of amorphous phase and charge car-
riers are localized in the areas of crystallinity.

4. CONCLUSION

Incorporation of carbon nanotubes in conducting
polymers causes an improving the charge transport
parameters due to structural ordering of polymer
chains under influence of MWCNT acting as conductive
admixture. Introduction of carbon nanotubes in concen-
tration near percolation threshold leads to increase of
conductivity in polymer nanocomposites in 4.4-9.5
times. Simultaneously the activation energy of charge
transport increasing for conjugated polymers-MWCNT
nanocomposites comparatively with initial polymers.

According to X-ray powder diffraction a process of
polymer doping by MWCNT leads to increasing polymer
degree of crystallinity in result of formation the crystal-
line “domains” in the amorphous polymer matrix. This
structural streamlining leads to an increase of the ener-
gy required overcoming areas of amorphous phase and
charge carriers are localized in the areas of crystallinity.
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TeMmneparypHa 3ajI1€:KHICTh IPOBIIHOCTI COpAKEeHUX IMOJIiMepis,
JIeroBaHUX KapOOHOBUMHU HAHOTPYOKaMu

O.1. Konomrenpauk!, O.1. AxcimenTtsesa?, 10.10. I'opberko?

1 Dizuunuil gparynomem Jlvsiscovro2o HauioHabHO20 YHI8epcumemy imeHl leana Pparnka,
eys. Kupuna i Meghoois, 8, 79005 Jlvsis, Yrpaina

2 Ximiunuii gparynbmem Jlvsiscoiko2o HayloHaibHo20 yHigepcumemy imeHi lsana Pparka,
eys. Kupuna i Meghoois, 6, 79005 Jlvsis, Yrpaina

JlocumiizxeHO CTPYKTYPY 1 TEMIIEPATYPHY 3aJIeKHICTH IMPOBIIHOCTI CIPSIKEHUX MOJIIMEPIB — IOJHAaHILIIHY 1
noJti-3,4-eTrieHaioKcuTioeHy, Jeropanux dararocTinaumMu kapborosumu HaHoTpyokamu (BCKHT) 3 ixmim
BMICTOM OJIM3BKHM JI0 IIOPOTY IIePKOJIAIlI. BecTaHoBIIEHO, 10 TeMIepaTypHa 3aJIeKHICTh ITUTOMOIO OIOPY
HIATIOPSAIKOBYETHCSI AKTUBAIIIMHOMY 3aKOHY 1 CIIPSIMJIISETHCS B KoopauHarax lnp - 1/7 B iHTepBaJii Temiepa-
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Typ 273-403 K. JlomaBauHsa kapOOHOBUX HAHOTPYOOK KOHIIEHTpAIliEl0 B 00sacTi mopory mepkrossrii (0.13-
0.64%) cuprynHSE 3POCTAHHS IIPOBTHOCTI MOJIMEPHOTO0 HAHOKOMITO3UTY B 4.4-9.5 pasu. Pasom 3 Tum enep-
ris akTHBAIl IepeHocy 3apsaay B HaHOKommo3uTax cupssxenuit momivep — BCKHT e 6inbmroro mopiBHSHO 3
BUXITHHM II0JIIMEPOM.

3rigHo manwmx X-IpoMeHeBOl IMOPOIIKOBOI JudparTomeTpil mporiec jgeryBanas noximepis BCKHT crpu-
JmrHsie 301bIIeHHS] PIBHSA KPUCTAIYHOCTI B Pe3yJIbTaTi (JOpMyBaHHS YIIOPSIIKOBAHUX «IOMEHIB» B aMop (-
HIU mosiMepHii maTpurii. Take cCTpyKTypHE BOOPSIKYBAHHS IPUBOIUTE J0 301IBIIIEHHS €Hepril, HeoOXiTHO1
JIJIST TIOMOJIAHHS JIJIAHOK aMopdroi dasu 1 JIorasmisarii HOCIIB 3apAay B 00J1aCTSAX KPUCTAJIIYHOCTI.

Knrouosi cinosa: Emexrpornposinui mommvepu, Jlerysauus, [lepenecenns sapsiay, Kap6ornosi HamoTpyOKu,
Crpyxrypa, Exepris akrusariii.

TemneparypHasa 3aBUCHMOCTD IIPOBOIMMOCTH COMPSKEHHBIX TOJINMEPOB,
JIErNPOBAHBLIX KAPOOHOBBIMH HAHOTPYOKaAMU

0.U. Kononenpruk!, E.W. AxcumenTtresa2, 10.10. I'opbenxo?

1 Quauueckuti gparynvmem JIb808CvK020 HALUOHAILHO20 YHUBepcumema umernu Heana @panko,
yn. Kupunna u Meghoous, 8, 79005 Jlveos, Ykpauna

2 Xumuuecrkuti goarynvmem JIb8068CcoK020 HAUUOHAILHO20 YHUBepcumema umernu Heana Oparko,
ya. Kupunna u Meghoous, 6, 79005 Jlveos, Ykpauna

WccmemoBaHel cTPYKTypa U TeMIlepaTypHas 3aBUCHMOCTEH IIPOBOJUMOCTH COIIPSIKEHHEIX II0JIMMEPOB —
HOJIMAHWJINHA ¥ I0JU-3,4-9TUIIeHAUOKCUTHO(MEHA, JIETMPOBAHOBAHBIX MHOTOCIONHBIMUA KapOOHOBBIMU
manorpyorkamu (MCKHT) ¢ comepskanueM, OJIM3KUM K IIOPOTY IIEPKOJIAIAHU. YCTAHOBJIEHO, YTO TeMIIepa-
TypHasi 3aBUCUMOCTE YEJILHOTO COIIPOTHBJIEHUS IIOJIEKNAT AKTUBAIIMOHHOMY 3aKOHY U CIIPSIMIISIETCS B KO-
opauHarax Inp - 1/T B unTepBase remueparyp 273-403 K. Beenenne kap60HOBBIX HAHOTPYOOK IIPY KOHILEH-
Tparuu, 6JIu3Kou K mopory mepkoJisaiuu (0.13-0.64%) MpUBOIXAT K POCTY IIPOBOIUMOCTH OJMMEPHOTO HAHO-
rommo3uTra B 4.4-9.5 pa3. Bmecre ¢ Tem sHeprus axkTHMBAIIMK IIepeHOCA 3apsiia B HAHOKOMIIO3UTAX COIIPS-
skeHHbId nmostumep - MCKHT umeer Gosibiniee 3HaveHue 110 CPABHEHMIO ¢ UCXOJHBIM II0JIMMEDPOM.

CorsiacHO TaHHBIM PEHTTEeHOBCKOM IIOPOLIKOBOM audpariuu mpoiecc seruposanus noanmepa MCKHT
[PUBOIUT K YBEJNYEHUIO YPOBHS KPUCTAJUIMYHOCTH B pe3ysbrare (hOpMUPOBAHUS YIIOPSIOYEHHBIX «I0Me-
HOB» B aMOpP(HOM HOJIMMepHOM Marpuiie. Takoe CTPYKTYpHOE yHOPSOYeHHe MPUBOIWUT K yBEJIMYEHUIO
9HEepruu, HeoOXOAUMOM JJIsI IIPEOIOJIEHNUsI yUaCTKOB aMOop(HOM (as3bl U JIOKAIM3AUNA HOCUTENEN 3apsiga B
00JIaCTSIX KPUCTAIIIIMIHOCTH.

Kimouessie ciosa: DiekrponpoBojsamue mnoauMmepsl, Jlernposanue, [lepenoc 3apsma, Kap6oHosbie HaHo-
Tpy6ru, CTpyKTypa, OHEeprusa aKTUBAIIUH.
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